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ABSTRACT

Different varieties within a class of a grain type exhibit distinct behaviors that impact their end
use quality during storage. Until now, high-resolution imaging data for both dry and spoiled
cereal grains have not been available. Therefore, a pioneering effort was made to generate 3D
data for a better understanding of seed structure and changes due to spoilage, focusing on the
selected crops (wheat and barley). In the first preliminary experiment, durum wheat varieties
(AAC Spitfire, CDC Defy, and AAC Stronghold) and spring wheat varieties (AAC Starbuck,
AAC Brandon, Faller) were stored for 5 wk at 17% moisture content (wet basis (wb)). Both
control (dry) and stored high-moisture seeds were analyzed for structural, and nutritional
changes using synchrotron techniques, including phase-contrast micro-computed tomography
(SR-uCT), bulk X-ray fluorescence imaging (SR-XRF), X-ray fluorescence imaging (SR-
XFI), and mid-infrared spectroscopy (mid-IR) at the Canadian Light Source (CLS), Saskatoon,
SK. Seeds were also stored in a freezer (-18°C) for further scanning to study any additional
changes in the microstructure of seeds due to freezing. In this experiment, operational
parameters were standardized for data acquisition for SR-pCT (20 keV, 3.6 resolution, and 5
cm propagation distance), SR-XRF/XFI (15 keV, 5u resolution, and 100 ms dwell time), and
mid-IR (9004000 cm™' range at 4 cm™! resolution). Image processing revealed changes in the
microstructure of wheat with spoilage at the end of the 5-wk storage, and this remained
unaltered after freezing in stored wheat. Bulk XRF demonstrated the impact of storage time on
variations in available nutrients. The SR-XFI revealed significant changes (p<0.05) in
nutritional distributions at the micron scale in thin section maps within stored durum wheat
seeds. Changes in nutritional features (protein, lipids, and carbohydrates) due to spoilage
during storage were determined using mid-IR spectroscopy. Durum varieties AAC Spitfire and
CDC Defy exhibited maximum changes in microstructural and nutritional composition
compared to AAC Stronghold, and all spring wheat varieties performed better than durum

wheat varieties.

In the second experiment, eight wheat varieties, each representing distinct wheat classes, were
included: Canada Prairie Spring Red (CPSR) cultivar ‘AAC Penhold’, Canada Prairie Spring
White (CPSW) cultivar ‘AC Vista’, Canada Western Extra Strong (CWES) cultivar ‘Burnside’,
Canada Western Hard White Spring (CWHWS) cultivar ‘AC Snowstar’, Canada Western Red
Winter (CWRW) cultivar ‘AAC Wildfire’, Canada Northern Hard Red (CNHR) cultivar
‘Prosper’, Canada Western Special Purpose (CWSP) cultivar ‘Aldoren’, and Canada Western
Soft White Spring (CWSWS) cultivar ‘AC Andrew’. Additionally, four barley classes were



considered: Tradition (Six-row), AB Cattlelac (Six-row hulless), Esma (Two-row), and AC
Metacalf (Two-row hulless), each representing four different western malt barley classes.
These grains were stored for 8 wk at 17% moisture content (wb). Data acquisition for both
control (wheat and barley) and 8-wk stored grains (wheat and barley) was carried out using
standardized operational parameters for SR-uCT, SR-XFI, and mid-IR. Characterization of
wheat based on changes in the microstructure of selected wheat classes became possible. The
wheat classes that performed better in storage were CNHR, CWRW, CWSP, and CPSW,
compared to classes CWHWS, CPSR, CWSWS, and CWES. The existing condition of the
kernel microstructure strongly influenced the performance of wheat in storage, representing a
major outcome of this work. Mid-IR analysis of wheat data showed variations among
nutritional components, while SR-XFI revealed nutrient distribution gradients before and after
storage. Hulled barley varieties exhibited more deterioration in microstructure than hulless
varieties of barley, establishing a direct correlation between microstructural changes and
alterations in nutritional content. The initial condition of the grain structure of control samples
(air spaces beneath the husk and cracks) strongly influenced the storage life of wheat and barley
during the short-term storage of 8 wek The high-resolution information generated for selected
barley varieties will be useful in the development of real-time decision support systems and

planning post-harvest storage.
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1.1

Chapter 1. INTRODUCTION

Scope of research
In 2023, the global production of total cereal food grains reached approximately 2.82 billion
tonnes (Gt), with wheat alone contributing 789 million tonnes (Mt) (FAO, 2023). Canada,
during the same year, is estimated to have produced 89 Mt of cereal grain, representing 3.1%
of the global food grain production (Statistics Canada, 2023). Wheat and barley are pivotal food
grain crops in Canada, not only contributing significantly to the Canadian economy but also
playing a crucial role in the global food supply chain. In 2023, Canada produced 33.82 Mt of
wheat and 9.98 Mt of barley, maintaining a consistent supply in the international market owing
to their high quality (Statistics Canada, 2023). The grains produced undergo storage at various
points along the food chain, whether for a short or long period before consumption. Effective
grain storage management is essential to minimize post-harvest losses. These losses can range
from 1% in well-managed systems to as high as 50% in poorly managed systems (Jayas &
White, 2003). In some cases, an entire unit of storage can experience complete spoilage,

resulting in 100% loss in that unit (Jayas, 2012).

Food grain seeds exhibit distinctive structures and compositional, nutritional, and functional
characteristics, or a combination thereof, leading to their classification into different classes.
In Canada, wheat varieties are categorized into classes based on functional characteristics, with
the Canadian Grain Commission (CGC) defining ten classes for western Canadian wheat and
seven for eastern Canadian wheat. Similarly, barley is divided into eight classes, comprising
four western and four eastern classes. Quantitative losses result from direct consumption of
grains by insects and other vertebrates (though not very common), while quality losses arise
from contamination by insect parts, excreta, mites, and fungi. Sound or undamaged food grains
possess inherent defense mechanisms against spoilage. A study by Sayed et al. (2006) on 12
wheat varieties found that one variety, Mehran-89, demonstrated the highest resistance to
storage insects. In the case of wheat, durum varieties are more susceptible to spoilage than
other wheat classes (Nithya et al., 2011). Wheat, barley, rye, maize, and oilseeds are
particularly susceptible to fungi and their metabolites (mycotoxins), with strict allowable limits
(5-10 ppb) necessitating measures to prevent fungal growth during storage (Gonzalez-Torralba
et al., 2013). Understanding the distinctions among these classes is crucial for characterizing

different food grains in response to spoilage under unfavorable storage conditions. A study
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focusing on the microstructural and nutritional profiles of wheat and barley using a non-
destructive and efficient approach is essential. Synchrotron techniques, as reviewed by Indore

et al. (2022), emerge as powerful scientific tools for such studies.

The synchrotron, invented in the late 1960s, has undergone considerable improvements since
its inception. Its application for sample characterization across various disciplines, including
biology, materials science, and the design of semiconductor and nano-devices, gained
significant momentum globally after 1974 (Winick and Bienenstock, 1978). Conventional X-
ray systems have inherent limitations such as low resolution, extended scanning time, beam
hardening, low energy or photon flux, and nonselective wavelength. In response to these
limitations, synchrotron X-ray imaging techniques have witnessed accelerated adoption in the
last two decades and are now utilized by researchers worldwide. Previous studies utilizing
synchrotron imaging to unveil cellular-level details of grain seeds were summarized in the
context of applications in agriculture and food sciences (Indore et al., 2022). The application
of synchrotron high-resolution imaging holds the potential to offer structural and nutritional
insights into food grains at the micron scale. This qualitative data could contribute to the
development of more effective post-harvest management systems for grain storage than those

presently in use.
1.2 Objectives

1. Characterize ten classes of Canadian wheat and four classes of malt barley based on

changes in microstructure due to spoilage in storage using synchrotron phase contrast

micro CT (SR-uCT),

1. Determine changes in nutritional minerals and their distribution in grains due to spoilage
during storage by Synchrotron X-ray fluorescence bulk imaging (SR-XRF) and X-ray
fluorescence imaging (SR-XFT), and

1ii. Determine changes in nutritional features (protein, lipid, and carbohydrate) due to

spoilage during storage using mid-infrared (mid-IR) spectroscopy.



1.3 Hypothesis
Food grains exhibit variations in structural features, nutritional composition, and
distribution, which can influence their behavior during post-harvest spoilage in storage.
Synchrotron X-ray imaging techniques offer a means to quantify changes in internal
structures (X-ray phase contrast micro-computed tomography), nutritional features (mid-IR
spectroscopy), and nutritional minerals (X-ray fluorescence bulk imaging and X-ray

fluorescence imaging) resulting from spoilage during storage.
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2.1.1 Abstract

Synchrotron imaging is widely used for research in many scientific disciplines. This article
introduces the characteristics of synchrotron X-ray imaging and its applications in agriculture
and food science research. The agriculture and food sector are a vast area that comprises of:
plants, seeds, animals, food and their products; soils with thriving microbial communities; and
natural resources such as water, fertilizers, and organic matter. These entities have unique
internal features, structures and compositions which differentiate them from each other in
varieties, species, grades, and types. The use of a bright and tuneable monochromatic source
of synchrotron imaging techniques enables researchers to study the internal features and
compositions of plants, seeds, soil and food in a quick and non-destructive way to enhance
their use, conservation and productivity. Synchrotron’s different X-ray imaging techniques
offer a wide domain of applications, which make them perfect to enhance the understanding of
structures of raw and processed food products to promote food safety and security. Therefore,
this paper summarizes the results of major experiments carried out with seeds, plants, soil, food
and relevant areas of agricultural sciences with more emphasis on two synchrotron X-ray

imaging techniques: absorption and phase-contrast imaging and computed tomography.

Keywords: Synchrotron X-ray , X-ray absorption, X-ray phase-contrast, microcomputed

tomography, plant imaging, seed imaging, soil-root medium imaging, food imaging.

2.1.2 Introduction

Agriculture has made many advancements after the 19™ century to ensure food security for the
world’s ever-increasing population with the help of high-yielding varieties, integrated farming,
post-harvest management, mechanization, and sustainable use of natural resources. Agriculture

inputs (seeds, soil, and fertilizers) and produced food (plants, fruits, grains have unique internal



features, structures, and compositions that differentiate them from each other in varieties,
species, grades, and types. Every entity of agriculture is adapted and suited to local conditions
by altering their internal structures, composition, and features, either naturally or by the
intervention of human skills. The study of these internal features at the micro to nanoscale
level is vital to study species and composition for addressing several questions. Therefore,
many studies have been carried out for decades using tools like optical light microscopy,
transmission electron microscopy, scanning electron microscopy, and histology to gather vital
microscopic information. Although these techniques were able to provide information, they
had certain limitations like destructive sample preparation, sampling area, accuracy of sample
location, less number of samples, and extensive sample preparation protocols, all of which can
make data interpretation more difficult [1]. Even methods like histology cannot give reliable
visualization of small cellular interspaces or indicate the existence of networks of spaces [2].
Therefore, to overcome these challenges, the applications of X-ray imaging have been started
since 1980 in agriculture and food sciences with applications in cotton [3], lettuce [4], pine [5],
tomato [6], rice [7], wheat [8,9], pecan [10], fruits [11-13], plant leaves [14], and soils[15]. A
detailed review was carried out on the use of X-ray computed tomography (CT) in agriculture
and food applications [16] with recommendations on the requirement of more advanced X-ray
techniques and applications in these areas and the development of commodity-specific
algorithms for image processing like those found in the medical imaging field. These
conventional X-ray CT systems have certain limitations like low resolution, more scanning
time, beam hardening, low energy or photon flux, and nonselective wavelength. Therefore,
synchrotron X-ray imaging techniques have gained pace in the last two decades and researchers
across the globe have started their use in studies such as: 1. dynamic processes like water or
nutrient flow in live plants [14,17-26], internal structural information in seeds [2,27-31], fruits
[13,20], wood [24,32-34], and soil root medium [25,35-44]; 2. development of innovative
nutritional foods [45-50], and 3. disease management in plants and animals [51-54]. These
studies have been carried out using non-invasive synchrotron X-ray imaging methods and are
summarized in this article. There are a few questions that require answering on what made
synchrotron a popular tool among agriculture and food scientists. This article highlights the
unique capabilities of two synchrotron X-ray techniques; absorption micro-CT and phase
contrast micro-CT over conventional X-ray imaging methods used in agriculture and food
sciences. Paper has also summarized all synchrotron machine parameters used till date in

agriculture and food science studies, which will be very useful in planning of new experiment



2.1.3 Synchrotron X-rays

A unique electromagnetic spectrum is created by bending the path of electrons traveling at the
speed of light in a synchrotron [55]. During this process, synchronous addition of energy to the
electron beam in the ring takes place by changing the energy of electrons or adding energy to
the beam without changing the orbit of electrons. This powerful scientific tool was invented
back in the late 1960s, and the first-generation multi-GeV storage ring became operational in
1974 at Stanford Synchrotron Laboratory [56]. The synchrotron (SR) generation facility can
be very large, the small one equivalent to a football field size. To date, around 67 synchrotron
facilities are operational, among the 86 established synchrotron facilities across the world [57]
and these establishments themselves explain the importance of technology in research and

development across the world.

The facility of the Canadian Light Source (CLS), Saskatoon is taken as an example to briefly
describe the layout of a synchrotron imaging facility (Fig. 2.1): it consists of 1. an electron gun,
2. linear accelerator, 3. booster ring, 4. high vacuum storage ring, 5. insertion devices (such as
bending magnets, wigglers, and undulators), 6. beamlines with monochromators, 7. optical
hutch (slits, filters, mirrors), 8. experimentation hutch (sample loading), and 9. workstations

(data acquisition and processing).
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Figure 2.1 Major components of a synchrotron X-ray imaging beamline system
(Source: Canadian Light Source, Saskatoon; www.lightsource.ca).



2.1.4 Properties of synchrotron light and interaction

The X-rays generated from synchrotrons generally are of three types: soft, tender, and hard. X-
rays are categorized as soft X-rays when generated at or less than 2 keV, tender X-rays at 2-6
keV energy, and hard X-rays at greater than 6 keV [58]. Synchrotron X-rays have unique
properties such as high flux density, coherent, and selective wavelength/monochromatic. The
developed synchrotron facilities around the world have ring energy (1.7 — 9.0 GeV), ring
current (0.010- 0.5 A), ring size (198- 2304 m), emittance (1 nm radx10pm rad to 6 nm rad x
100 nm rad) and brilliance (10'8-10% ph. s ~'mm~2mr=20.1%bw 1) [59,60]. More details about
the brilliance for other cases could be found elsewhere [60,61]. This paper has covered
absorption and phase-contrast synchrotron imaging techniques, where SR X-ray is attenuated
by photo absorption and elastic (Thomson) scattering processes and their detailed interactions

with the material can be found in the literature [60,62,63].

Synchrotron imaging methods are used either in two-dimensional (2D) or three-dimensional
(3D) imaging. The tomography and microcomputed tomography are the focus of this review
paper. In 2D imaging, a set of two-dimensional images are acquired using a monochromatic
source just like radiographs, hence the beam-hardening issues are avoided that are more
common in polychromatic beam [64]. The contrast in images is driven by a combination of
absorption or density differences, and phase or small density variations of the sample
components. The 3D computed tomography makes use of computer-processed combinations
of many X-ray projections (2D images or radiographs) taken from different angles of a sample
in absorption or phase contrast imaging, then produces cross-sectional (tomographic) images

of specific areas of the sample.

2.1.4.1 Synchrotron absorption tomography or micro-computed tomography (SR-
nCT):

The general procedure of imaging in SRXTM or uCT consists of (Fig. 2.2): 1. selection of
photon energy and flux of desired wavelength by use of a monochromator, 2. sample rotation
about an axis from 0-180° in different step sizes in CT, 3. acquisition of images by a set of
detectors, and 4. image processing and segmentation. The contrast in imaging is driven by
absorption differences and density differences. There is no beam-hardening with this technique,
which causes an inaccurate portrayal of the true X-ray absorption of the specimen and
inaccurate measurements, and digital sections are more difficult to segment in image

processing [65]. Synchrotron X-ray tomography has proven to be an excellent imaging system



for the study of the fossil as well as modern plants [20]. The SR-uCT analysis is based on
transmission images after the material attenuates the incoming X-ray beam either by absorption
or by scattering (Eq.1). The correlation between the incident or transmitted beam intensity and

the material properties can be related through the Lambert-Beer law [32,66]:

[ =Ie "t (1)

where I is transmitted beam, Iy is incident beam, p is linear absorption coefficient, and t is the

material thickness [59].

Charge coupled device
(CCD) detector

Figure 2.2 (A) Basic layout of synchrotron X-ray micro-CT [35] and (B) Setup of phase
contrast micro-CT where sample to detector distance is adjustable [37,67]

2.1.4.2 Synchrotron phase-contrast imaging or microtomography (SRP-pnCT)

The imaging setup is very similar to SR-absorption based uCT imaging, the only difference is
that rather than placing the detector close to the sample, it is located at some variable distance
which gives rise to Fresnel fringes [68] (Fig.2.3). Sample to detector distance is set in a such a
way that it always less than sample to source distance [54]. The technique makes use of the
refraction of X-rays by the sample and highlights the edges and internal boundaries of a sample,
therefore, low-density materials (soft plant parts) can also be imaged, which do not absorb X-
rays sufficiently to form a distinct absorption X-ray image [69]. Phase-contrast imaging method
is most sensitive to small changes in the refractive index (Eq. 2&3), which creates edge
enhancement and increases the contrast of the edges of structures or material boundaries [70].
Fresnel diffraction, resulting from an adjustment of distance, allows for control of the edge

enhancement effect which is the key feature of phase-contrast imaging [17,71,72]. It is a



powerful tool to obtain quantitative data from biological samples because of the significant

difference in electron density between air, biological tissues, and water [26].

The refractive index of matter can be defined as [54],

n=1-58+ip )

where 0 is the decrement in part of the refractive index, which is the phase shift term, and B is

the attenuation term for absorption.

The total phase shift @ can be related to & as, @ = dkz and the absorption term 3 can be related
tokand z as p' = p.t = 2pk.t 3)

where p is the absorption coefficient, k is the wavenumber, and t is the object thickness. The
detailed theory about SR- pCT and SRP-uCT concepts, working and synchrotron interactions
is available [54,61]. A comparison in working principles of both absorption and phase contrast

imaging is illustrated in Fig. 3.
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Figure 2.3 Schematic diagram of how X-rays pass through object. Dashed line shows X-
ray wave without object, and solid with object. Upper curves: cross section
corresponding to X-ray phase shift. Lower curves: cross section corresponding to X-ray
absorption [73]
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2.1.4.3 Image processing used in agriculture and food sciences studies

It is an important step in the analysis of acquired data which is in pixel form with associated
grayscale value. In computed tomography, grayscale values represent the X-ray
absorption/phase values, where higher (brighter) grayscale values indicate higher absorption
and lower (darker) indicate lower absorption [55]. The acquired raw projections in both
mentioned imaging methods are sometimes noisy and associated with artifacts like rings, and
motion streaks, which can be caused due to motion, imaging system, and sample conditions.
These artifacts can be removed by reconstruction of images, which can be achieved by
dedicated software like PITRE, UFO-KIT, Recon., PyHST, Octopus 8.3, SYRMEP
TomoProject, VG Studio Max, and DAWN [17,24,35,67,71,74-78]. Initial normalization can
be done by subtracting flat (images taken with a beam and without sample) and dark (images
taken with beam off) images from radiographs (Fig. 4) by any software like PITRE [71].
Preliminary reconstruction of tomographic images is done using filter back projections and
non-iterative phase retrieval algorithms (like Paganin) to produce images with less noise and
artifacts [16]. Reviewed studies have used modern approaches like Fourier transform filtered
backprojection [2], correction of sinograms, phase retrieval and ring removal by filters and
improved signal-to-noise ratio [67,74]. The reconstructed data are then further processed for
improving contrast, segmentation and thresholding by either one of the software; Imagel
plugins (Polar transformer) or AVIZO [22,24,40,75] or Dragonfly [79], Pore3D [48], 3dma,
and customized Matlab program [78]. It is important to select X-ray energy that is appropriate
for the material under testing to optimize both spatial resolution and contrast sensitivity, so an
adequate signal-to-noise ratio could be obtained [43]. The sequence of steps involved in the
reconstruction and processing of images in detail is discussed (Fig. 2.4) as an example here,
starting from flat and dark field correction, reconstruction of acquired projections by PITRE
then to segmentation and thresholding in 3D by Avizo [37]. Applications of advanced
approaches like machine learning to acquired data [40,80] and deep learning for phase retrieval
[81,82] are limited (only a few like local thickness analysis for pore space characterization
[39]) in reviewed studies, which means conducted studies were not able to harness the full
potential of synchrotron imaging unlike in material science and medical imaging. It has been
found that most of the studies processed 8-bit datasets except in a few studies where (16-bit
scale of 0—65,535) datasets were used [54] and one group has used the statistical tool of fisher

ratio index for enhancing contrast in reconstructed images [27].
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Figure 2.4 . Phase retrieval, slice creation, and 3D reconstruction of a soil sample [37]

2.1.5 Applications in Agriculture

Synchrotron X-ray imaging is already a well-established technique and has many
applications in medical and materials sciences. It has been developed for several decades but
only in the last two decades, SR has been used in plant science experiments [83,84]. Published
research has demonstrated that SR-pCT and SRP-pCT were extensively used for creating three-
dimensional images which have enabled researchers to look at different virtual slices of
samples and visualize internal micro-structures of plants, soil, and seeds without sample

destruction [27].

2.1.5.1 Seeds

Seeds are an integral part of the plant ecosystem which store vital information, food, and
energy. The study of modern and ancient seed structures at micro-level is important to conduct
their evaluation for vigor, dormancy and other characteristics. Seed growth and physiology
are actually dependent on several microscopic features, including cell shape, cellular water
potential and the presence of intercellular voids [79]. The structure and composition of cell
corners in a dry seed are tissue-dependent and vary with plant development [2]. Synchrotron
X-ray imaging is a perfect tool for studying these details in seeds at a cellular level, hence it
was used to find links between modern and fossil seeds [20], seed coat thinning [30],
developmental stages during germination [27], intercellular void network [2,13].
Paleobotanical studies depend on the recognition and accurate identification of extinct species
of plants. The archaeological samples are precious and require non-invasive approach.
Traditionally, histology was the only method which involved differential staining to reveal
differential tissue and cell wall chemistry, but with synchrotron, differences can be highlighted
by varying X-ray absorption. Therefore, Smith et al. [20] carried out successful digital

visualization of different components of modern and fossil fruit seeds (Table 1) and visualized
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chemically distinct materials of preserved specimens differentially because of a difference in
X-ray absorption values. Traditional sectioning does not infiltrate well due to hardness of
herbarium specimens, but it can be addressed by digital segmentation and dissection of data in
3D of synchrotron X-ray images for creating virtual infills for simulating taphonomic effects
[20]. A similar study was reported dealing with the study of ancient seed grains [30] and
documented the evidence of seed coat thinning (from 23.2 to 10.6 um) in horse gram seed of
archaeological and modern seed samples (Table 1). Synchrotron was used extensively for fossil
plants, cretaceous flowers [76], and seeds imaging and contributed dramatically to expanding

the level of information available for studying diverse fossil plants [85].

Earlier, conventional histology only was used to study the developmental stages of crop seeds
which is a skilful and time-consuming job, but Rousseau et al. [27] team had imaged for the
first time the development stages of maize (Table 1) seeds after days of pollination (DAP - 7,
9,12 and 21). The results were compared with conventional histology and demonstrated a good
match for the estimation of the length of different components of the seed. The simple
thresholding was used to quantitatively segment maize seed into four components of the seed
(embryo, endosperm, nucellus, and pericarp) from 7 to 21 DAP (Fig. 2.25). The lack of cellular
resolution as compared to conventional histology can be overcome by higher spatial resolution
by imaging a small part of the sample in a local tomography mode inside the same type of seeds
[27]. Use of statistical tool of fisher ratio as a contrast index in their experiment enhanced the

quality of the images and segmentation strategy.

21 poyofter
pollinisation

Figure 2.5 Left: X-ray images and Right: 3D segmentation of maize seeds at four
different developmental stages corresponding to 7, 9, 12 and 21 days after pollination
[27]

A seed is a living entity, which means it respires even after harvest or in storage and can retain
its germination. Gases like oxygen are required for support of life and trapped gases inside seed
structure or components might play important role in germination. Therefore, Cloetens et al.

[2] had used synchrotron (Table 1) X-ray imaging of Arabidopsis seeds and concluded that
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intercellular void network provides a transport system for easy gas exchange in embryos and
storage space for the oxygen. Produced results were a 3D representation of the local electron
density which is directly proportional to the refractive index of material for hard X-rays [2].
The investigation also claims that stored oxygen plays an important role in the onset of
germination, during imbibition (Fig. 2.6). Dhondt et al. [86] had also scanned
different Arabidopsis plants until 13 d after sowing at a spatial resolution of 10.4 um like
Cloetens et al. study [2], (Table 1) and revealed many detailed morphological features such as
furrows in the hypocotyls, branching of trichomes, the pollen sacs on the anthers, and the
stigma on the flower style. Seeds like rapeseed are small and may appear homogeneous at the
macroscopic scale, but their growth and physiology are dependent on several microscopic
features, including cell shape, cellular water potential and the presence of intercellular voids
[87]. SR-uCT has provided evidence for the existence of voids (Fig. 2.6) and its spatial and
geometric complexity has a strong influence on endogenous gas transport and flux, and so may
affect the local respiratory activity and seed growth [88]. Seed structural characteristics may

responsible for gas exchange and it can be occur through corner cavities located in dry seeds

[2].

Figure 2.6 3D model of void spaces (a,b) in the hypocotyl of a developing rape seed
(Brassica napus) [87] Copyright (2006). National Academy of Sciences and Virtual slice
(c,d) of Arabidopsis seeds, void network and reconstructed voids in phase contrast
imaging [2]

2.1.5.2 Plants

The living plants have unique internal features to transport water and nutrient from roots to a
body of plant (leaves and fruit). The complex water and gas transport phenomena that occur in
plant tissues were studied in detail using SR by mapping porosity, microstructure arrangement
and the connectivity of the vascular systems. The cellular level information could be gathered

easily without any need for additional preparations of samples in plants for analysis [2,30,40].

2.1.5.3 Structural, composition and dynamic process
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Synchrotron absorption and phase contrast imaging have been used extensively to study
structure-function relationship and dynamic processes in plants [14,17,28,40], vessel networks
[11,32,52,87,89], diffusion of gases (CO») in leaves [26,86,90], vascular function in live plants
(sunflower, oak, redwood, walnut, grapevines and maple) [40], occurrence of xylem cavitation

in rice and bamboo [18], and stress physiology [91].

The differential X-ray attenuation is responsible for visualizing the difference between water,
and air, and this property makes synchrotron X-rays perfect to study how water refills xylem
vessels in plants [92]. As mentioned earlier phase contrast imaging is best suited for soft tissues
because it has lower absorption for X-rays, therefore it was compared with SR-uCT (Table 1)
by one group at a Canadian light source and revealed microstructural details of the canola stem
such as cavitation and surrounding tissues of the vessels [1]. Phase contrast imaging was found
best to generate better contrast in images to reveal finer details (Fig.2. 8) and the xylem water
refilling process. Whole canola plants were scanned during this experiment, so X-ray energy
optimization was carried out and fixed at one energy 18 keV for above ground portion, and two
energies 24 keV (clay soil medium) and 38 keV (sandy clay loam medium) below ground
portion [17]. A group from Shanghai also carried out a similar study and found (Table 1) that
water refilling process is not the same throughout all parts, because cavitation occurs to
different degrees under different dehydration conditions [18]. Similar kinds of studies were
reported for study of drought-induced embolism in stems (Table 1) of grapevines [22,34,93],
sunflower [21], wood microstructure [89], and coast redwood [24]. The purpose of these
studies was to quantify resistance to embolism in plants, which is important for understanding
their drought response [34] and whether plants can rapidly refill or not, in embolized conduits
during recovery from drought stress, which is an important component of their survival in a
rapidly changing climate [24]. Embolism affects long-distance water transport through plant
xylem which often coincides with drought. Researchers were able to study the dynamics of
drought-induced embolism in plants (grapevines) and produced three-dimensional, high-
resolution, time-lapse observations of embolism spread (Fig.2.7). High-resolution time-lapse
SR-uCT images of embolism removal in plant have improved understanding of the final stages
of a biophysical process that plays a critical role in drought recovery of plants [24]. X-ray
induced damage of about 25% was also reported by one of the groups during SR-puCT scanning
of sunflower plants [21]. Choat et al. [24] were examined spatial patterns of xylem embolism
in saplings of a conifer species coast redwood during cycles of drought and rewatering. They

did not find any evidence for embolism refilling in tracheids after drought up to few weeks in

15



their study on basis of SR-CT data and provided a reason that, conifer species lack an active
refilling mechanism. Also, another reason is that their xylem lacks the specialization in cell
function necessary for such a process, which can be observed in angiosperms. On the basis of
these salient findings, several experiments could be run at synchrotrons, ranging from the
characterization of drought resistance of different crop species to the evaluation of different

treatments on species hydraulics.

The novelty of synchrotron imaging was proven when it was used (Table 1) for the first time
for the characterization of gas film retained on superhydrophobic leaves of submerged plants,
which revealed how wetland species can survive in submerged conditions [11] and such kind
of studies have opened the new area for its application. The generated data could be used for
study of structural changes in the cuticle that occur with a time of submergence and then how

these changes affect hydrophobicity and the capacity to retain a gas film under water [11].

Figure 2.7 Transverse high resolution CT micrographs of grapevine stems showing the
radial, sectored spread of embolisms during the simulated drought experiments. Vessel
lumen colour denotes the time point (hours) at which gas was first observed inside the
vessel. Top:. Bars =1 mm. Bottom: volume renderings of grapevine vessels showing a
pathway for embolism spread between sectors and (B to D) Vessels in the red sector
embolized first and then spread through a vessel (yellow) that drifted tangentially from
the red sector to the blue sector [93].

Manufacturing good structural and utility-based wood is important for any industry, therefore

being a natural resource, the study of its structure is of prime importance. The synchrotron has
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been used in a study of wood structural components, environment stress, and fungal decay at
the micro level [32,33,89]. The detection of boundary surfaces between neighbouring cells and
interconnectivity in wood specimens was challenging with conventional scanning electron
microscopy (SEM) and light microscopy [71], but SR-uCT made it possible (Table 1) to map
those components. The acquired data were used in the estimation of volumes of water
transported in vessel cells and visualized vessel networks in wood samples to understand the
effects of wounding and environmental stresses on the xylem structure and water transport
system in wood. Forsberg et al. [33] used a novel application combining SR-uCT and digital
volume correlation for the deformation analysis of wood under bending stress (Table 1) and
developed a methodology for study of fresh plant tissue fracture in structural timber. This was
one of the first attempts to use synchrotron to study the influence of anatomical features on the
fracture behavior of wood and quantification of deformations during in situ micromechanical

experiments.

Gray value

Stem location (pixels)

Figure 2.8 The 3D images showing internal details of canola plant in SRPuCT (A,B) of
plants and SR-nCT (C,D). Histogram of gray values for absorption and phase contrast
are given in E [1]

The high-resolution imaging data generated by synchrotron imaging can be used in validation
of developed models like light propagation, CO, diffusion, and photosynthesis simulation,
therefore, Ho et al. [90] and Verboven et al. [88] imaged tomato leaves (Table 1) to visualize
micro leaf structure for gas exchange and related them to leaf optical properties for validation
of developed models. Radiation dose in synchrotron imaging is dependent on photon energy,
attenuation coefficient, and density of a material, therefore soft tissues are susceptible to
damage by X-rays [28]. Therefore, to minimize the radiation doses, Matsushima et al. [28] used

three photon energies 30, 40, and 50 keV in scans of three varieties of rose peduncles. In the
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selected photon energy ranges, linear absorption was negligible for soft plant tissues. Both SR-
UCT and SRP-uCT methods (Table 1) were used in this experiment. In SRP-uCT due to edge
enhancement, the cell walls of each single cell were distinctly depicted and clear discrimination
was achieved between fully intact cells containing cytoplasm and water-filled cells and air
filled objects [28]. The tissue damage was observed for one variety due to more exposure time
at 30 keV and 40 keV energies as compared to 50 keV, where effective surface dose was less.
It was clarified from the results that the involvement of distinct structural differences in a
vascular bundle and typical peduncle pith structure was responsible for the evaluation of

different vase life for the selected rose varieties.

2.1.5.4 Infection and disease detection

Capabilities of synchrotron imaging were assessed for disease and infection detection in live
plants in a non-invasive way, like visualizing changes in internal features of plants, for
detection of fungal infection or decay in the wood [32], fusarium resistance characterization in
wheat [52,54], and understanding insect anatomy for control management practices [51].
Fusarium is one of the five top priority diseases of wheat in Canada, which not only reduces
yield but destroys protein content and results in toxin accumulation in grain [54]. Synchrotron
imaging was found useful in studying plant-pathogen interactions, especially in determining
the role of cell wall structural characteristics in response to fungal infection [52]. Therefore,
Lahlali et al. [51] mapped structural differences in spikelets of wheat, because it plays a
significant role in resistance to Fusarium. Differences in mass densities and phase contrast
signals between healthy and infected spikelets are clearly visible (Fig. 2.9). In one cultivar
(Muchmore) structure of rachis was altered and became more transparent to synchrotron X-
rays which was a sign of infection. Wheat typically has resistance to pathogens, based on which
wheat is classified into five types (Type-I to Type-V). High-resolution X-ray images can be
used in the characterization of wheat into five categories on basis of resistance. Brar et al. [54]
scanned seven genotypes of wheat using SRP-puCT (Table 1) for detection of changes in voids,
volume fraction, and voxel intensity due to infection of Fusarium graminearum. Their results
revealed that rachilla and rachis nodes together provide significant resistance to pathogen
spread because inoculated spikes had higher void space fraction and lower X-ray attenuation
compared with controls. They also stated that a pathogen can still invade internodes, but this
structural reinforcement significantly impedes disease progress. The disintegration of host
tissue was observed due to infection and failure of the ovary to develop in the infected floret

were observed in the images. They had also developed Python-based scripts and produced
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histograms with voxel intensity for each ROI (voxels ranging from 99 to 145 million). They
found that one genotype (CDC Alsask) which was more susceptible to FHB (Fusarium
graminearum) had higher void space volume among seven genotypes. As discussed earlier,
structural integrity is important in wood used in any industry, therefore it is usually treated for
better resistance to decay and more service life. Changes to wood structure at micron lever
under fungal decay is of prime importance. Hence, synchrotrons have been found useful in
mapping changes in the wood structure under fungal infection. Gilani et al. [31] used SR-uCT
(Table 1) for wood at the micro-scale level and evaluated alterations in density distribution
after incubation of samples with two white-rot fungi. They were able to develop an algorithm
for quantitative study of the density changes in the wood cell walls after different stages of
fungal decay and mapped internal changes to establish relationships to describe variations in

porosity and density.

Figure 2.9 Phase contrast X-ray images of healthy (1) and infected rachis (2) of wheat
cultivars at four days after inoculation with FHB [91]

2.1.5.5 Soil medium and roots
Good soil structure is essential for supporting plant life to provide essential nutrients and ensure
sustainable agriculture. The quantification of pore network, microstructure properties and their

relationships are required to enhance our ability to predict changes in soil ecosystems [94]. The

hard X-rays of synchrotron have been used to investigate and characterize pore networks,
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arrangement of particles, the effect of organic and inorganic matter, root hairs, and soil state
under alternate dry-wet conditions [25,35,39,43,44,72,77,95-97]. All the experiments
reviewed in soil application were carried out at higher X-ray energies up to 78 keV and high
resolutions (0.65,1.0 um) in comparison to experiments with plants, fruits, and foods

[25,37,77].
2.1.5.6 Internal structures of soil aggregates

Study of internal arrangement of soil aggregates is important because soil structure provides
pathways for the transport of water, nutrients, gases, and habitats, therefore, it is a fundamental
property of soil fertility and quality [98]. The synchrotron absorption imaging and computed
tomography were used to investigate the arrangement of soil aggregates and changes in soil
pore network due to fertilizer application [96], porosity due to dynamic change in water content
[95], and effects of type of soil on water flow and behavior under physical force on structure
[39,77]. Soil erosion is a major problem across the globe, where native grassland is converted
as farmland for growing food crops. In recent years, a lot of efforts were made to improve the
health of these eroded land by growing natural vegetation. In the semi-arid region of China
similar efforts were made for stabilizing abandoned croplands with natural vegetation for
different lengths of time. One of the aims of a study was to investigate whether natural
revegetation on abandoned cropland could improve the stability of soil aggregates, and
whether their microstructure could become more connected during natural revegetation. Zhou
et al., [35] used SR-CT for quantification of complex aggregate microstructure in soil and its
relationship to vegetative restoration. It was found that aggregate microstructure was modified
substantially during the vegetative succession and the porosity of the aggregates increased from
9.2 to 45.9% for samples of selected cropland sites. In this study, pore sizes and shapes were
expressed based on equivalent diameters and shape factor (F=0.2- 0.5) and classified into four
size classes (<30 um, 30-75 pm, 75—100 pm, and >100 um) and three shapes (regular, irregular,
elongated). It was concluded from the results that aggregate microstructures were more at

abandoned cropland sites than at active cropland sites.

Soil micro aggregates microstructure plays an essential role in chemical heterogeneities,
microorganism distributions, origin and development of hot spots in soils [39]. Hence
quantification of soil aggregates has become of prime importance. The analysis protocol for
the morphometric characterization of complete soil micro aggregates had been developed
(Table 1) for two distinct soil types of regions; one from Kansas, primarily composed of

inorganic particles, and one from Barrow (Alaska) dominated by plant fragments (Fig. 2.10).
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In the study they found that the use of local thickness analysis, commonly used in medical
imaging for porous material characterization was good approach. Local thickness can be
defined for a voxel as mean diameter of the maximum inscribed sphere in the structure that
contains the voxel [39]. The Kansas sample had shown typical interstitial pore space, created
by the aggregation of rounded mineral particles and aggregates. whereas, a more complex
microstructure was found in the Barrow sample with a strong organic component which was
verified by variation in attenuation values, due to the high percentage of plant fragments. The
Morphometric analysis revealed that Barrow aggregate had high porosity (81%) as compared

to Kansas aggregate (43%) which typically has granular composites.

The long-term use of fertilization practices can improve soil aggregation through associated
increases in organic matter over time, but organic and inorganic fertilization have different
influences on aggregate structures [35]. The aggregate stability under organic and inorganic
fertilizer application can be studied using synchrotron [94]. They did analyzed soil samples
treated with NPK (chemical fertilizer) + OM (organic matter) and NPK and CK (no fertilizer)
(Table 1) at Shanghai synchrotron facility. They had used open-source platform Imagej for
reconstruction with a polar transformer plugin and a Matlab program for ring artifacts removal
by masking the Fourier transformed image. Use of algorithms like morphological erosion
based on the algorithm (LKC algorithm) was found in their study for pore—throat-network
construction (Fig. 2.11). Measurement of porosity, nodal pore-size distribution (PSD), pore
throat size distribution (TSD), effective throat/pore radii ratio, path length distribution, and
tortuosity (ratio between the path length and the straight distance between the ends of the path)
were also determined by developed methodology of image processing. Pores were classified
into macropores (> 500 pm) and mesopores (< 500 um) according to their equivalent diameters
in their study [35]. The results of image analysis revealed that microstructural pore properties
were almost the same for NPK and CK treatments. The number of pores, number of pore
throats, and number of paths between adjacent nodal pores were all significantly decreased by
the NPK + OM treatment relative to the NPK and CK treatments. X-ray attenuation coefficients
of organic matter fall between water and air, hence the mineral matrix, making phase separation
problematic [77]. Therefore, Peth et al. [77] used monochromatic SR- uCT at photon energies
above the absorption edge (78 keV) and photon energy below the absorption edge (70 keV) to
locate soil organic matter in the stained soil aggregate samples in relation to soil structure,

where attenuation contrast is optimal for distinguishing other soil constituents.
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Figure 2.10 Schematic sequential diagram of the pore—throat network construction [35]

As discussed earlier, vegetation has significant impact over soil aggregate structure, similarly
wetting and drying of soils is also responsible for changes in aggregation and soil structure
[36], hence there is good scope to enhance understanding of changes in topsoil microstructure
due to above phenomena. The soil aggregates of 3—5 mm were scanned with an SR-uCT at the
same beamline (Table 1) and revealed that wet aggregate stability and tensile strength were
closely associated with the pore characteristics. The pore characteristics (pore space larger than
75 pm) and soil clay content accounted for as much as 99% of the variation in both wet
aggregate stability and tensile strength [36]. The pore-space geometry of soil aggregates
determines the transport of water, gases, and nutrients [77], therefore, 3D visualization and
quantification (Table 1) were carried out on two distinct soil samples which went through
different management practices (tilled and grassland). In the study, sample structure was
quantified on basis of pore-size distributions (PSDs), throat-area distributions, effective throat,
frequency distributions of pore channel lengths, widths, and flow path tortuosity. It was
determined that the soil aggregate of the tilled site showed more gas and water transport
limiting micromorphological features compared to grassland management system. In
continuation to this, even agriculture management operations like tillage have an influence on
the microstructure of soil aggregate. The study of such mechanical forces has become
necessary, therefore, conditions like compaction were been simulated on beads, natural sand,
and clay and data acquisition on them was carried out [37]. Two photon energies were used 18
and 20 keV during image acquisition for quick determination of the water distribution in the
selected material. Quantification of water (10.2 and 9.3%, for glass beads and sand,
respectively) from image segmentation at 0.65 pm/pixel was obtained which was comparable
with those measured by the oven-drying method (9.7 and 9.4% for the glass beads and sand,
respectively). Contrast agent iodine was used in this study and it was stated that addition of

20% by weight of iodine-based contrast medium can increase the greyscale value of the liquid
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and enhance the air-water contrast which contributes to (semi) automatic segmentation of water

phase.

Volume rendering Openings analysis

@ 0.65um
® 2um

Microorganism size:

Figure 2.11 Steps involved in image processing of soil aggregate from left; volume
rendering, pore space analysis, opening analysis and geometrical accessibility [39]

2.1.5.7 Soil-root interactions and dynamic process

The soil ecosystem contains microbes, roots, nutrients, and water that supports plant life,
therefore, synchrotron X-rays were used to study soil root interaction, dynamic uptake process,
drainage [43], root hair and aggregate orientation [25,42], and water distribution in compacted
soil [37]. The role of root hairs in plant and soil science remains poorly understood, which
limits the targeted selection of root hair traits, particularly for enhanced nutrient acquisition in
the field [25]. Root hairs play important role in the uptake of sparingly soluble nutrients,
especially in nutrient-deficient soils. An earlier study of root hairs has been conducted in
artificial hydroponic gel systems, by destructive washing of roots from soil, and a non-
destructive approach to this problem was necessary. Therefore, synchrotron X-ray imaging was
used by Keyes et al. [25] to uncover the three-dimensional interactions of root hairs (Fig 2.12.
A,B) in soil. They had investigated phosphate uptake by root hairs based on the geometry of
hairs and associated soil pores, which was accomplished by the finite element (FE) method
using COMSOL(ScanIP). This study has improved the understanding of how root hairs can be
modelled at the plant and crop scale, and indicated that previous modelling studies should be
re-visited using imaging based (like synchrotron), multi-scale homogenization approach. They
recommended that roots and hairs both equally contribute to phosphate uptake. Similarly,
image based mathematical modelling approach was used to provide importance of root hairs
on pore structure development at the root—soil interface during the early stage of crop

establishment [42] and found that root hairs had a significant effect on soil structure (Fig 2.12C)
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formation and influenced porosity and connectivity for the pores (> 5 um) visualised with

synchrotron imaging (Table 1).

Reviewed studies have shown how structural features of soil aggregate structure influence
functional characteristics. Similarly, drainage property is associated with physical
characteristics of soil. Agricultural drainage not only check the water table but also maintain
healthy root zone ecosystem around the crops. Fast acquisition of synchrotron images made it
possible to visualize dynamic behaviour, pattern and quantitative analysis of flow processes
in a sand [43]. In this study image acquisition was carried out at two beamline operation
parameters (Table 1) for two conditions (fast and slow drainage). Nearest neighbour analysis
was carried out for quantitative analysis on air phase distribution and found differences in
drainage pattern. In fast drainage condition air bubble tend to be few and far apart, whereas
closely packed smaller bubbles were found in slow flow condition [44]. The drainage occurs
through well connected large pores initially than finer pores, and drainage can occur through
finer pores only under high air phase pressure near boundaries. It was also found that greater

pore structure formation presents away from the root for the plants with root hairs [42].

Figure 2.12 (A) 3D volume mesh is generated, with root hairs, soil, root surface and
water, (B) section of a seminal root including lateral roots and root hairs and (C) 3D
rendered barley root and hairs showing the surrounding soil [25,42]
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2.1.6 Applications in Food

Use of synchrotron imaging tools have gained the momentum in area of food science
like agriculture science. Conventional X-ray sources have been used extensively in study of
food microstructures and product development as reviewed by Schoeman et al. [99]. The access
to synchrotron technology is limited, lack of awareness about advantages of the technology
and associated cost might be other reasons why synchrotron was not used extensively in the
past. But, now due to increasing number of facilities around the globe, researchers have been
able to conduct studies for understanding microstructure of foods and its role in improving food
quality particularly its texture and taste. Many food products contain a cellular foam structure,
such as ice cream, mousses, sponge cake, biscuits and bread, which needs to be characterized
in order to determine the relationships between the structure of the product and its mechanical
and organoleptic properties [47]. The microstructure of food products is highly correlated to
their physical and sensory properties, which are important to evaluate the consumers
acceptance of food [100]. Synchrotron experiments were carried out to map changes in
structure of food like bread, noodle dough bubbles [45,47,78,101,102], cracking of chocolate
[48.,49], microstructure changes due to gas exchange in product [13,99,103], ice cream stability
under varying conditions [46,104,105], air pathways in pome fruits [75,87] and in fish [104].
Food science involves many processing or unit operations which may involve addition or
removal of heat, application of pressure and mechanical shear. These unit operations used in
food processing have significant impact on food product structural properties and quality
attributes. Study of these changes using synchrotron imaging are discussed here and

summarized in (Table 1).
2.1.6.1 Processed food

Cereal based food products are consumed in the form of bread, noodles and in puffed form
across the world which is a staple food to most of the people. Bread is the most common
processed product of cereal wheat and its quality depends on dough quality. Tabletop X-rays
have been widely used for studying 3D structure of bread and other stable food products in the
past, but these studies have certain limitation and were not able to map rapid bubble formations.
The microstructure of dough is challenging because dough is opaque, and the bubbles in dough
are extremely fragile and change very rapidly [78]. Study of bubble distribution, size and
formation with time is critical, hence has been studied using synchrotron in bread and noodle
dough [45,47,78,101,102]. Babin et al. [45] studied bubble growth and foam setting during

breadmaking (Table 1) and revealed that development of gas cell structures during
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fermentation was critical in breadmaking. The generated 3D image data sets were used
successfully in validation of numerical models of bubble growth, and they found clear evidence
of bubble formation with time (Fig. 2.13). The development of gas cell structures during
fermentation depends on a critical time initially then coalescence prevails rapidly, and leads to
a heterogeneous structure. It was stated that the minor components present in flour may play
an essential role in obtaining a desirable bread texture. Their study recommends that
synchrotron can be used for the study of rheological properties of doughs and the temperature
dependent changes of wheat flour biopolymers which govern the bread baking. Similarly,
Koksel et al. [78] investigated bubble size distribution and its evolution in non-yeasted wheat
flour doughs (Table 1) and found higher bubble number densities compared to previously
reported studies carried out with conventional imaging. Bubble distribution was monitored and
measured by customized algorithm developed in MATLAB, and found that distribution had a
median bubble radius of 22.1 + 0.7 pum at 36 min and at the end of mixing around 162 min, the
size was increased to 27.3 + 0.7 um. This mapped dynamic trend of bubble distribution was
indicative of transport of gas in the dough due to disproportionation (a phenomenon by which
smaller bubbles disappear and larger bubbles remain or continue to enlarge within the semi-
homogenous viscous dough). Results of both studies have contributed significantly to bakery
industry in standardization of dough constituents. In continuation to previous studies,
Guillermic et al. [102] did rapid characterization of bubbles in noodle dough (Tablel). This
non-destructive study of bubbles in wheat-flour noodle dough provided a more complete
knowledge of the dough sheet's internal structure, and how it originates during processing, and
its effect on the overall quality of Asian noodles. Analysis of images revealed that gradient in
concentration of bubbles within the dough sheet was present from the core to the sheet edges.
Extrusion processed food products or puffed products are fibrous and porous in nature.
Extrusion has a significant effect on food product texture, which is an important quality
attribute. The cellular structure of a cereal food is an important feature that involves sensory
aspects and carries information about the processing and composition of the recipe, therefore,
Chevallier et al. [46] studied cellular structure of two products, an extruded breakfast cereal
and a short dough biscuit with SR-uCT (Table 1), and also compared results with conventional
X-ray CT. In this study, image acquisition was carried out at four different resolutions: 6.5,
7.5, 16.2 and 25.8 um, because their aim was to find out right resolution for determination of

quantitative measurements such as densities and thicknesses
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Figure 2.13 Dynamic bubble growth at increasing time period in dough in reconstructed
synchrotron 3D X-ray images slices [45]

The SR-pCT produced less noisy images with shorter acquisition time, which is important and
compatible with dynamic studies. Both products exhibited quite different cellular structures,
Biscuit had lower porosity, with smaller cell sizes, thinner cell walls compared to extrudate
snack. The cell density of biscuit was found to be ten times higher than the extrudate snack.
Roasting is one of the most common unit operations in food processing, where addition of heat
is involved. In coffee processing, roasting is an important step in which green beans are
subjected to temperatures up to 250°C as per desired degree of roasting. The heat-induced
reactions have significant effect on changes in the chemical, physical, and structural properties
of the raw bean, which, in turn, affect the sensory and texture characteristics of the roasted
coffee. Pittia et al. [47] used SR-uCT (Table 1) to investigate morphology and the inner
microstructural properties of coffee beans as well as the effects of the roasting on it and found

that roasted coffee beans had a higher and more uniformly
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Figure 2.14 The virtual cut of 3D synchrotron X-ray images, where porosity in non-
roasted (left set) is lower than roasted coffee bean (right set) [48]

distributed porosity in the order of 40% as compared to green beans 6% (Fig. 2.14). This type
of study has opened the possibility to investigate effect of process parameters on the porosity
evolution during roasting and to relate the results with those obtained with other conventional

and non-destructive imaging.

Like addition of heat, removal of heat in unit operations such as freezing also alters the
structural properties of foods, mostly in dairy products. Textural properties of ice-cream
products depend on its structure, but cooling cycles may affect its structure due to crystal
formation. Therefore, Guo et al. [45] were used SR-uCT (Table 1) to determine the temperature
dependence of ice-cream's microstructural evolution. Results of the study revealed that
melting-recrystallization mechanism is responsible for the evolution of ice crystal size and
morphology during thermal cycling between —15 and —5°C. The coalescence of air cells was
the dominant coarsening mechanism controlling air bubble size and interconnectivity in the ice
cream. Synchrotron X-ray imaging provided sufficient evidence that unfrozen matrix plays role
in microstructural stability and the complex interactions between ice crystals and air structures.
Similarly, SR X-rays were used with iodine as a contrast agent at 10 keV, 30 keV and 75 keV
to measure the three-dimensional distribution of the three main phases (air, unfrozen sugar
solution, and ice crystals) of ice cream (Table 1). Quantification of microstructural evolution
in ice cream was carried out (Table 1), which revealed that the growth of ice crystals almost
ceases after seven thermal cycles, when they approach the size of the walls between air cells,

where air cells continue to coarsen, forming interconnected channels [106]
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Chocolate blooming is the major problem in the confectionery industry [49] and many studies
have been carried out in the past using non-destructive methods, but due to low resolution and
high scanning times failed to provide evidence to resolve the blooming issue. Reinke et al. [49]
analysed chocolate using SR-uCT (Table 1) and concluded that the convective flow of liquid-
lipid fractions in the solid cocoa butter matrix played a significant role as a transport
mechanism responsible for fat blooming. This mechanism was validated by the formation of
cracks (width of some microns and a length of up to several 100 pm) propagating through the
whole chocolate sample (Fig. 2.15). The imperfections, which arise during the manufacturing

process, might act as migration pathways since they propagate throughout the entire chocolate.
2.1.6.2 Fruits and vegetables

Post-harvest storage of perishables is one of the important areas where non-destructive
approach is required to study changes during storage. It was reviewed earlier that the current
state of the art in modelling tissue microstructures was not sufficient [75] for modelling the 3D
configuration of cells, cell walls and intercellular spaces in fruit tissues. Mebatsion et al. [75]
applied synchrotron imaging to study post-harvest disorders in pome fruits: apple and pear
(Table 1). They have used ANSYS for finite element modelling for quantification and
MATLAB programmed algorithms (tessellation algorithm) which yielded smaller apple
parenchyma porosity and larger pear parenchyma porosity besides having small sample size.
They concluded that multiscale modelling of transport phenomena and mechanical deformation
of scanned fruits enhanced the knowledge about fruit environment interactions, and evolution
of physiological disorders and can be used to improve cold storage design and control. The
connectivity of the voids is essential for mass transfer, and it also determines the tortuosity of
the void channels, which are the main pathways for gas exchange. Another research team had
generated high-contrast 3D absorption images of in vivo fruit tissues of high moisture content
(Table 1), which enabled visualization of individual cell morphology, cell walls, and entire
void networks that were previously unknown for understanding spoilage in post-harvest
storage [13]. Both reviewed synchrotron methods (phase and absorption contrast imaging) can

be used depending on the X-ray energy and sample properties in food product analysis [107].
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Figure 2.15 Synchrotron X-ray image slices of different layers showing voids and cracks
in chocolate samples [49]

2.1.7 Conclusion

The synchrotron X-ray imaging facilities around the world are growing and well established
due to their unique properties and application domain. Synchrotron based non-destructive
methods enabled researchers engaged in agricultural and food sciences to study structural
changes in the material through virtual slicing, as well as on the surface. Phase contrast imaging
has great scope for imaging biological materials in harder surrounding matrix, where materials
with low X-ray attenuation of interest are located and have differences in refractive index.
Researchers were able to find answers to many questions in modern and ancient plants through
synchrotron imaging, and mapped for the first time the development of seed and fat blooming
of chocolate in food science. The study of quick and dynamic processes in plant sciences like
absorption of nutrients, and in food science like bubble formation was made possible due to
the intervention of synchrotron imaging. The hard SR X-rays were the best for soil medium

imaging.

Present studies do not reflect much on the effect of dose on living things (plants and seeds) in
terms of germination, viability, the economic feasibility of methods, and tissue damage except
a few. The radiation damage in SR imaging is still lower than in conventional systems due to
fast imaging and monochromatic beams. SRP-uCT has potential to address problems of tissue
damage in SR-uCT, but knowledge of the possible impact of the X-ray dose was not yet

assessible. Sample heating and protein denaturation may be caused which may lead to the
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redistribution of cellular components and experimental artifacts. The reconstruction step
requires some prior knowledge of the samples which is accessible in material science but rarely
in plant and food science. In SR-puCT high photon fluxes and energy are necessary for high-
resolution imaging, but plant tissues may be severely damaged, and this can limit the use of
this method in a continuous investigation in plant science. There is a good scope for harnessing
synchrotron imaging's full potential using approaches like machine learning and deep learning
methods for agriculture applications. The future scope of applications may include in post-
harvest management of agriculture produce, standardization of engineering parameters of SR
imaging such as energy, like the use of not only high spatial resolution but also high density
resolution, optimizing dose and development of computer vision methodology or machine

learning algorithms for image processing.

Abbreviations: SR: Synchrotron, SR-uCT: Synchrotron absorption micro computed
tomography, SRP-uCT: Synchrotron phase contrast micro computed tomography, SR-XTM:
Synchrotron X-ray absorption tomography, HXRTM: High resolution X-ray tomography, SR-

PCI: Synchrotron phase contrast imaging
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Table 2.1 Synchrotron imaging operation parameters used in agriculture and food science research
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on quality
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(200 x

100) pum
DORIS 720/
SR-uCT Wood ) 111, DESY 9 2 - Ix 1 1536x10 1 mm? - [89]
Microstructure (20x 3) 0.25° 24
changes under
force and stress 720/
TOMCAT, 3.58 2048x 1.7x 1.7x
SR-uCT Wood SLS 11 2.15 0250 0.3/ 12 <12 2048 1.7 um 0.7 (Sr/d) [33]
1650
Microstructural 165
TOMCAT, X 1560x21  0.65x0.65x
SR-uCT Wood decay dge to Swiss 15 20 2001 0.13/42  0um 60 0.6 um 0.5 (SI/d) [32]
fungi
Host BMIT-
SRP-uCT Wheat CLS. SK 20 1800 0.8/24 1x1 13.12pm3 20 (Sl/d) [54]
Interactions >
3D 154 2048 x 750x 750x
laminography ID19 of 18 0.75 1200 0.5/ 10 X 2048 750 nm 35 (SI/d) [87]
ESRF, 1.54
SR-uCT Tomato leaves France 3,45, 105,
€0 gas 150x 1.4x 1.4x
exchangein  (60x15)  20.5 0.75 ; ; ; X 2L5(8Vd) - 90
150 1.4 um
leaf
coast redwood ~ Embolism 720/ 4006x  175x 175x
SR-uCT . 15 4.5 o I2min  5x5 - [24]
samplings In the xylem ALS 0.25 2672 500 pm
o l Berkeley E
. ylem vesse . 7 x
SR-uCT Ggrapevine refilling 24 0.65 1025 60 min 17 - 0.65 um3 - [108]
SYRMEP
D ht- . o 250 ms/
SR-uCT Sunflower roug Trieste 22 2.0 2048/1 6 mi - - 10 (sl/d) [21]
induced (120 x 4) min
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embolism in

stems
Visualizations BAII;SI’
. of Drought- erkeley 720/ . 4006 x
SR-uCT Ggrapevine Induced 251x8) 15 4.5 0.25° 25 min - 2672 - - [22]
Embolism um
visualise gas
films
0.375x
SRP-uCT Sufmerged onsubmerged  TOMCAT 12 0.375 2001 10 min 220358" 0375x  1.4-4.0(sl/d)  [26]
caves leaves of 0.375 pm
common
cordgrass
5500 (Sr/d)
Wood APSIL  7.20 1.66 - 0.4/- 20288"20 -
oody RS USA 1-10 (Sl/d)
SR-PCI herbaceous cxlttrl;sltognéit 5x5 [109]
plant leaves g 207 x 15 0 60 s s6 . 1392 x 5500 (Sr/d)
m - . - . - -
! 1040 1-20 (SI/d)
Seeds
SR-inline Internal 505/ 2048x20
Maize changes in D19 17.6 5 1000 - 5x5x5 pm 100 (SI/d) [27]
phase TM ’ 20 mi 48
feature ESRF min
(60x 15) 14500(Sr/d)a
800/ 2s/
SR-XTM  Arabidopsis | niereellular 21 0.3 0.6 - sxsxsum M43 o)
void network pm 0.225° 26 min 0.6 63,
10.3(Sl/d)
Fossils & Seed coat 0.15,0.2
o . 1132 of > 5120 x
HXRTM  modern horse thmming with DLS UK 15 - 4000 0.25 §/ - 5120 1x I1x 1 mm 0.5 [31]
gram time 16 min
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(14.5x19)

um
ESRF,
Rapeseeds . Grenoble 0.1s/
SRP-uCT Distribution of 19 0.75 1200 ; ; 0.74 um® 9 (SUd) 187]
storage oils (200 x 2 min
200) um
SR-XTM Fossil seeds Interna.I features TOMCAT, 10, 12 0.65. 570-660 ) 30.7 10x 20  0.65x 0.65x ) [85]
of fossil flowers Swiss 0.74 pm 0.65 pm
Cretaceous FReLoN
SRP-uCT  Fossil flowers fossil BMOS 20 0.75 4000  129/80m 2(SI/d) [76]
inflorescence .8 pm
Cretaceous FReLoN
SRP-nCT  Fossil flowers fossil H})EZS@I 29.5 0.76 2000 0.8s 467,24(21 /‘3')2’ [76]
inflorescence 20 pm '
Soil and roots
Importance of
root hairs on [I,TE (]?I; S 0155/
Barley root pore structure X A0S 49x 2560 x
SRP-uCT hair in soil development at 1.7) 15 to 21 1.6 1601 - 15 2560 2x2x1 mm 6.35(Sl/d) [42]
the root-soil
interface
. Soil BL13W1,
SR-uCT rSO”ti _ aggregationin  SSRF, 28 9 430 ] i;g 1?352; 9x9x9 ym ; [35]
aggregatio an Ultisol Shanghai ’

35



Ultisol under

(50 x 5) 1300/
SR-uCT  Wetting & | hira-aggregate 2 3.7 18/39 - 1700x S4Ix34IxS - [36]
. microstructure 0.10° 1700 41
drying :
. . Effect of 3.25x3.25
SR-uCT %‘}a;“frlza;‘;“ vegetation on 24 3.25 550 30s 2%58" 12 Gsrisl)  [96]
gereg treture x3.25
Characterizatio BAII:SI’
. : erkeley
SR-uCT vavo soil typzs _nofsoil 11 20 1800 1/30 - - 325 nm 0.8 (SUd)  [39]
of states US microaggregate (51 m x
° 8 um)
APS, 6.0 11.1x 1317x 650 x 650 x
(50x5) 3370 17.1 14716 3.6 1335 211 mm )
720/0.25
SR-pCT Soil Flow of sand APS 1.5 ° two 4.39 [43]’44
(15x1) & pass ' 1300x 658 658 x
00x40) > 67 3/ 60 » 1330 517 mm
3.45
pum
SR-uCT
Water content BL13W1 13 x 2048 x 0.65x 0.65x
(KI Sand on compaction SSRF 20 0.65 1200 /150 13 2048 0.65 pm ) [37]
contras)
HARWI
SR-uCT at . Locate organic 11, 30, 70, 3.8x 3.5x
K-edge Soil matter Germany 78 077 ) ) ) 4.89 pm 3.30 mm ) [110]
(50 x 10)
3D pore Tilled:
. network of DESY, 21.5, o 1536 x 400x 400 x
SR-pCT - Two soil types grassland and ~ Germany  grasslan 3.2,54 0.5 ) ) 1024 400 ) (771
tilled soil d: 24
SR-XTM Soil-root Growthof ~povieaT 20 1.0 1501 - >00x 500x - [25]
wheat root hairs 500
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Food

fmpact of 11x 11 um
Soft cereal protein 22 2016 x
HRXTM reinforcement BMOS5, 19 11x11 - 2s 5.5 um - [103]
foods 5x10 2016
on the ESRF,
deformation Grenoble 1x2 1.1 um
Bubble growth
0.02/ 628 x 628 x
SR-XTM Bread and foam 18 - 400 0.13 256 mm [45]
setting
ID15
2048%20
Gas network EPSRF 48 3
SR-XTM . 25 2.5 900 1/0.5 1.9 ym 3800(Sr/d) [111]
architecture (3.2x3.2)
Pome Fruits
0.7x
apple, pear izati
sr.pcy  \APPle.pean)  Characterizatio 18 - 700 ; 0.5 - 0.95 um’ 20.7 [75]
n of fruit tissue 1
mm?
SR-uCT Gas exchange 14,5.1 L4 a8 x 10000 (St/d)
SRP Ci‘ W ID19, 18 1200 0.5/ 10 X 2048 712 nm 3.5 (SUd > [87]
W pathways EPSRF PCI: 0.7 143 5 (SVd)
6.5,7.5
> 7.5 pm
SR-uCT E"rm‘?‘zl Internal 76 16.2, 2000- o0 2048 x (2048 x 47
C]‘;ea . structure ‘ 25.8 5000 ' - 2048 2048x ;
scu 1024)
. 600/ 4000 x
Characterizatio BMIT
SR-uCT  Noodle dough 1 of bubbles CLS 25 8.75 030 0.04/1.10 - 248 10-97 voxel 80 (SI/d) [102]

pixels
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SR-uCT Temp (113-2) 15 to 30 0.8 900 0.1/1.5 2560x21 2k x 2k x [46]
- Icecream dependence DLS. UK —— 60 pixel Kk 358 ——
SRP-uCT microstructure > Y- 15 to 30 3601 0.1/6 pixe [106]

Bubble size BMIT-BM 350/ 530 x
distributionin ~ 99BI-1 . 147 (SV/d)
SR-uCT  Wheat flour dough LS. 18 8.75 1.5° 0.2/2 - 530 7.25 voxels [78]
LS, SK 2620 (St/d)
40 x 5 mm
Voids/pore
volume SS;R,M?P’ 1440/ 18x1 4008 x
: : : rieste
SR-uCT  Coffee Beans  SiStribution of (Italy) 19, 20 45 ; 2 2672 | mm? 20 (SUd)  [48]
green and Y)- 0.125°
roasted coffee
beans
Migration
pathways 18x 3056 x
SR-uCT Chocolate ~ through cracks  (DESY) 13 1.0 1800 1/20 1.8 3056 100 um ; [49]
and voids Hamburg mm
SRP-pCT Fish Histology APS’S‘ZNL 11362 1.43 2048 20/ 20 - - 0.743 pm’ 3 (SU/d) [104]

Sl/d: sample to detector, Sr/d: source to detector distance, pCT: micro computed tomography and TM: tomography
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Chapter 3. CHARACTERIZATION OF WHEAT BASED ON CHANGES IN GRAIN
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3.1.1 Abstract

Post-harvest losses during cereal grain storage are a big concern in both developing and
developed countries, where spring and durum wheat are staple food grains. Varieties under
these classes behave differently under storage, which affects their end storage life. High
resolution imaging data of dry as well as spoiled seed are not available for any class of wheat;
therefore, a first attempt was made to generate 3D data for better understanding of seed
structure and changes due to spoilage. Six wheat varieties were stored for five weeks at 17%
moisture content (wb) before scanning. Seeds were also stored in a freezer (-18°C) for further
scanning to study further any changes in the structure of seeds due to freezing. Data could also
help plant breeders to develop varieties that do not easily spoil, adjust grain processing

techniques, and develop post-harvest recommendations for other wheat varieties.

Keywords: Synchrotron, durum wheat, spring wheat, phase contrast microcomputed

tomography, seed spoilage, post harvest loss.
3.1.2 Introduction

The world population is expected to grow up to 9.1 billion by 2050, hence more food
is required to feed the growing population. As per FAO, the demand for food (cereals and
animal feed) is expected to reach 3 billion tonnes in 2050; therefore, overall food production
needs to increase by 70% !. Cereals are the main staple food for developing and developed
nations. This implies significant increases in the annual cereal production; for instance, it would

have to grow by almost one billion tonnes. The soaring food demand may exert more pressure
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on currently depleting natural resourses and will be challenging to achieve food security, but
prevention or reduction of post harvest losses could be a savior in meeting the food demand,
as saved food is equal to food produced. The post-harvest losses are not only limited to physical
loss but also quality loss due to fungi (mycotoxins). Presently, post harvest losses in cereals
occur around 10-20% in developing and 1-2% in developed countries in storage? and it can
range from 1% in well-managed systems to 50% in poorly-managed systems>. The maximum
fraction of all postharvest losses for cereals in developing countries is in storage losses, which
negatively affect farmers’ livelihoods*. The high moisture content leads to the growth of fungi
on food grains under favorable temperature. Changes in the quality of wheat during storage
due to biotic and abiotic factors have been reported in studies”!!. As per a World Bank report,
food grains worth about USD 4 billion are lost every year due to post harvest loss*. The storage

losses are considered most critical in developing countries®.

Canada produced 33.8 million tonnes (Mt) of wheat in 2022, whereas the production of

t!2, respectively. There is a demand for good

durum and spring wheat was 6.11 and 19.38 M
quality wheat, and Canada exported about 60.5% of its produced wheat in 20222, Considering
post harvest loss of 2% as a developed nation (scientific storage), it would be a loss of 331
million CAD in monetary terms (@490 CAD/metric tonne). Post-harvest losses in wheat that
occur during storage are two types: quantitative and qualitative losses. Quantitative loss means
loss in dry mass, damage due to insects and fungi, and qualitative loss means loss of nutrition,
loss of germination, and infection due to mycotoxins. Wheat is stored after harvesting before
consumption. During storage and along the supply chain, moisture content plays an important
role in determining its storage life. If the moisture content of grains is higher than the
recommended safe storage value, then stored grains are vulnerable to spoilage due to biotic
(insect, fungi) and abiotic (temperature, moisture) factors. Wheat grain deterioration is
primarily driven by aerobic respiration of fungi because fungi thrive on carbohydrates in the
kernel, giving off CO,, H>O, and heat. High moisture wheat can produce more respiration heat
that leads to hot spots and zones of infestation. Several studies have been carried out at the
macroscale to minimize storage losses in wheat. As seed structure also plays a major role in
its defense mechanism against spoilage due to unfavorable conditions in storage, it is essential
for microscale understanding of wheat seed structures. For instance, existing kernel structure
before storage has a major role to play; if the seeds are already cracked or damaged during

handling operations, it leads to entry of moisture and insects'*!*. Therefore, the study of seed
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structure becomes an important aspect of grain storage, which is one of the main scopes of this

study.

Wheat storage is facing enormous challenges'*; therefore, numerous studies have been
undertaken on macro and micro levels to understand the quality and loss assessment of wheat
in grain storage across the world®!!3!52% The main scope of these studies is to determine safe
storage limits, reduce post harvest loss, assess quality during storage, and develop post harvest
storage guidelines suited to local conditions. The microlevel studies or measures include the
effect of scientific storage (controlled storage, hermetic) on wheat quality and the interaction
of abiotic (moisture, temperature, humidity) and biotic (insects, fungi) factors on grain quality
and post harvest losses’!. These large-scale storage studies require bigger setups and
infrastructure for simulating conditions, unlike the microscopic approach. The microscopic
method involves destructive and non-destructive approaches, such as the use of X-rays,
hyperspectral imaging, and thermal imaging to find defects before loading, during storage, or
after unloading. These studies have created useful results in the identification of specific fungi,
and macrolevel studies mainly focused on large-scale storage systems where the interaction of
biotic and abiotic factors was studied on the quality of food grains®?2. Besides these
developments in quality evaluation of wheat using microscopic methods, there are limitations
in exploring required information from the grain samples due to limitations of the system such
as sample preparation, low contrast in imaging, time consumption, low resolution, more

27,28

scanning time, and non-selective wavelength etc.”’°. The conventional X-ray imaging

23.29-32 ysed in characterisation of various structural features of wheat was also reported.

system
In wheat seed, crease depth and morphology were found to be responsible for diseases such as
black spots that infect grains particularly at the crease®>. Therefore, the use of high-resolution
imaging such as synchrotron X-ray imaging has found promising applications in post harvest
storage studies. Applications of synchrotron X-ray imaging were found in understanding seed

structure, soil science, and plant systems in agriculture, which were reviewed 2’.

To date, there are no high-resolution data available on wheat grain structure that can be
used in planning post harvest management strategies, and the present work is the first of its
kind, where synchrotron phase contrast imaging was used in a post harvest storage study of
wheat. The selection of phase contrast imaging was made over X-ray absorption due to its edge
enhancement characteristics of low density materials, because similar applications were found
273436 Tt is

in the characterization of soft tissues, water/nutrient movements and multiphase

difficult to differentiate between spoilage, moisture, and air in absorption X-ray imaging;
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therefore, phase contrast imaging has been used due to its edge enhancement characteristics.
Grain moisture is a crucial parameter in the post harvest storage of wheat, which can be
controlled during all unit operations performed before storage. The objective of this study was
to gather structural features information from two popular wheat classes (spring and durum)
using phase contrast imaging for the characterization of dry and fungal infected seeds. Another
objective was to develop a methodology for testing cereal grains using synchrotron imaging in
post-harvest grain storage studies, which can be used for other wheat classes and cereal grains.
The results of the study could also help plant breeders to develop varieties that do not spoil
easily, adjust grain processing techniques such as milling, and develop post harvest

recommendations for other wheat varieties.
3.1.3 Material and Methods
3.1.3.1 Wheat

In this study, we procured and used commercially available certified seeds of Canada Western
Amber Durum wheat (varieties: CDC Dety, AAC Stronghold, and AAC Spitfire) and Canada
Western Spring Wheat (varieties: AAC Starbuck, AAC Brandon and Faller) from a company
(SeCan, Niverville, MB).

3.1.3.2 Storage experiment

Five-hundred-gram samples of each variety were conditioned to a moisture content (mc) of
17% wet basis (wb) by adding distilled water in triplicates and then stored in airtight glass jars
(volume 1 L), and these procedures were repeated every week up to five weeks. Then glass jars
were stored at ambient conditions where storage temperatures were in the range of 22-25°C.
The mc was determined 24 h after conditioning by oven drying of 10 g samples at 130°C for

19 h and the samples were reconditioned, if necessary, to maintain at 17+0.5%"".
3.1.3.3 Synchrotron X-Ray phase contrast microcomputed tomography (SR-uCT)

3.1.3.3.1 Sample preparation

No specific sample preparation is required for this imaging technique, where samples such as
agricultural food grains can be scanned noninvasively. Fifteen to twenty grain kernels of each
variety were randomly selected from two replicate jars and placed inside a plastic tube. The
grains of the same variety were placed inside the tube with the bottom having replicate 2 and

the top having replicate 1 for the identification of acquired image slices (slice number 1 (top)
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- slice number 13 (bottom). The tube ends were closed by a reusable adhesive to prevent the
dehydration of the seeds during scanning and then placed on the sample stage. The sample was
eccentrically aligned perfectly on the stage to keep it in the field of view of the beam, and then
the sample was mounted on a rotating stage between the detector and X-ray beam. The rotating
stage was used to change the orientation of the sample in 0.06° steps with respect to the incident
white beam of 20 keV. The distance between the sample and detector is important in phase
contrast imaging for better contrast due to edge enhancement, and the distance was 5 cm (Fig.

3.1). The detailed principles and theory of X-ray phase contrast imaging can be found
38-41

elsewhere

Figure 3.1 Left: SR-uCT beamline and sample setup. Right: enlarged view showing
sample and detector.

3.1.3.3.2 Data acquisition and image processing

The SR-uCT imaging of the samples was carried out using a BMIT-BM beamline at the
Canadian Light Source (CLS), Saskatoon, Canada. Two filters Al (0.800-mm thick) and Md
(0.076 mm) were used before the monochromator to obtain a filtered white beam of energy of
about 20.0 keV. The transmitted X-ray images were converted into visible images by a
combination of a scintillator (LuAg 500) and a detector (PCO Edge 5.0, AA-40) for 3.6 um
resolution in the study (Fig. 3.1). The collected projection images were corrected for the dark
signal from the detector (without X-ray beam) and the flat signal (with X-ray beam and no
sample) to account for the imperfections in the beam and inhomogeneity in the scintillator

screens. The entire sample was made of 13 slices with each slice consisting of 3000 images.
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The images of flat and dark signals were recorded before and after recording the CT images
and the average of the flat and dark images was used for normalization®*>***. Phase retrieval
was performed from a single phase-contrast image at each projection angle using Paganin’s
method using the UFO-kit software (Tofu 0.12, Karlsruhe Institute of Technology, Karlsruhe,
Germany). Vertical stitching of all 13 slices was carried out after the reconstruction of data
using the same software, where all projections were stitched vertically by finding overlap by
matching two consecutive data sets using the ez_helper module of the UFO- kit. As the dataset

was large and data were binned 4x4 to size (<4 Gb) using Fiji (2.9.0)*.

Binarization using interactive thresholding was performed for each data set to segment seeds
from the air space for further analysis. The thresholded image was then used for morphological
operations (opening, closing, and fill holes) to remove unwanted pixels from seed boundaries,
which is a prerequisite for performing seed label analysis. The label analysis of Avizo improved
the thresholded images that were used to determine: seed volume, size dimensions etc. (Fig.
3.2). The porosity of the seed samples was determined using the volume fraction module of
Avizo by analyzing the thresholded seed images. Similar image processing was performed in
past studies*>***_ Individual seed segmentation was achieved using a customized ROI tool of
the ORS Dragonfly (2021.3, Object Research Systems, Montreal, QC) module by selecting a
targeted pixel. Before segmentation, the three most spoiled seeds of each variety were selected
as replication by visualizing the collected projection. Three control seeds were randomly
selected for segmentation of each variety. In the first step, separate ROIs were created for each
component of interest (germ, air space, change in structure/spoilage, and whole seed) in the
segmentation editor of the ORS dragonfly. The defined range (global thresholding) based on
histogram intensity was used for painting or selection of component pixels, as shown in Fig.
3.2. Labeled pixels were measured by an analysis module for the determination of the volume

of each component of the seed.
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Figure 3.2 Left: Developed image processing pipeline of SR-uCT data using Avizo and
right: visualization of Avizo image processing steps

3.1.4 Results and discussion
3.1.4.1 Structural changes

The physical condition of all six varieties stored for 5 weeks was assessed by visual
observation. Both durum wheat and spring wheat showed varying levels of deterioration during
the visual inspection compared to control samples. Durum wheat showed more deterioration in
comparison to spring wheat during the visual inspection of wheat kernels. The fungus was
visible on some of the germ parts of the AAC Spitfire variety, followed by CDC Defy and
AAC Stronghold. In case of spring wheat, AAC Starbuck and AAC Brandon were found to be
more affected during storage, but many of the kernels were found to be sound compared to

durum wheat, where almost both replicates of samples of AAC Spitfire and CDC Defy showed
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deterioration. The Faller variety did not show major visible deterioration on the surface of grain

kernels.

The scanned seeds using SR-uCT have shown promising results and revealed important
structural information. The high-resolution data of both wheat classes were visualized in the
form of two types of cross sections, as shown in Figs. 3.3 and 3.4 and both durum and spring
wheat showed distinctive features in seed structure, size, and shape. The presence of cracks
was predominant in all three control samples of durum varieties (Fig 3.3; Al, Bl, Cl)
compared to spring wheat varieties (Fig 3.4; D1, E1, F1). The seed endosperm was found to be
more damaged in the AAC Spitfire and CDC Defy than in the AAC Stronghold. In the case of
spring wheat, damage or presence of cracks were found but less in comparison to durum wheat.
The varieties AAC Starbuck and AAC Brandon had higher anomalies than the Faller variety.
Control samples of Faller wheat variety were more sound than the other five varieties of wheat.
The seed coat (with aleurone layer) of durum wheat was more affected than spring wheat as
storage time increased from one week to five week. The cracks evolved from the crease of the
kernel and propagated across the endosperm and even in some cases breached the seed coat,
which could be visible from both longitudinal and cross-sections of both dataset in Fig 3.3 and
Fig 3.4. These uneven imperfections (cracks, holes) in grain kernel might have made them
vulnerable to spoilage during storage and the reasons behind this internal damage could be
uneven drying, weathering of crop before harvesting, and grain handling operations'®. As the
storage period progressed from one week to five weeks, an increase in the level of deterioration
was found in all cross sections. The change in the structure of kernel due to spoilage could be
visualized by differences in the gray values in the cross-section near the germ, crease, and
around cracks. The higher deterioration due to fungal infection was clearly visible in durum
varieties from 3 weeks (A2, B2, C2) to 5 weeks (A3, B3, C3) of Fig 3.3 and in frozen samples
(A4, B4, C4). Also, in spring varieties of 5-week (D2, E2, F2) and frozen (D3, E3, F3) samples,
AAC Spitfire and CDC Dety in durum wheat severely spoiled than the AAC stronghold, and
we were able to characterize them based on these differences (Fig. 3.4). Similarly, in spring
wheat, AAC Brandon and AAC Starbucks deteriorated more than Faller with an increase in
storage time. The presence of spoilage due to fungi is visible in dark gray values across
damaged seed endosperm in Fig. 3.3 and Fig. 3.4. The fungi Aspergillus flavus, A. niger,
Circinella umbellata, Gliocladium sp., Penicillium frequentans, P. islandicum, and

Ulocladium atrum are found in stored wheat in bulk storage'*.
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Figure 3.3 Durum wheat SR-puCT data; AAC Spitfire(A), CDC Defy(B), and AAC
Stronghold(C) (1: control, 2: 3 week, 3: 5 week, and 4: frozen 5 week)

One change found common in both wheat classes during storage is that deterioration initiated
at the crease part of the wheat and then followed the path of the damaged area. Therefore, the
crease features (depth, opening) of wheat could have a significant impact on the wheat response
to spoilage in storage. It was earlier reported that, wheat seeds affected due to diseases at the
crease’” and the same was verified from our images of both spring and durum wheat in this
study. It is evident from the images that moisture could enter from the physically damaged seed

surface and across the crease rather than the seed coat, which was the main cause found in the
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deterioration of wheat. These observations can be verified from the projections because the
best performing spring variety Faller had a tight closed crease along with fewer imperfections
in the endosperm (Fig. 3.2, 3.3). The changes in five-week frozen samples of both wheat classes
were accessed by visualizing all six projections Fig 3.3 (A4, B4, and C4) and Fig 3.4 (D3, E3
and F3) and there was no further deterioration and our hypothesis hold true that freezing of
spoiled samples does not alter structure further. These results also validate the varying spoilage
among the varieties of the same class. For the first time changes due to deterioration were

mapped using high resolution imaging during post harvest storage in our study.
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1000 pm

Figure 3.4 Spring wheat SR-uCT data; AAC Brandon(E), AAC Starbuck(D) and
Faller(F) (1: control, 2: 5 week and 3: frozen 5 week)

The changes due to spoilage among all varieties were segmented, visualized, and measured as
presented in Figs. 3.5 and 3.6. The 3D visualization of damaged areas due to spoilage of two
varieties (AAC Spitfire and AAC Brandon), which have shown more deterioration from each
class, is presented in Fig. 3.5 (al, bl). The volume of segmented features was measured for
both wheat classes and is shown in Fig 3.35 (a2, b2). All three varieties of durum wheat had

shown higher volume of segmented deterioration compared to spring varieties (Fig 3.5 (a2,
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b2)). The AAC Spitfire variety had a maximum segmented volume of change due to spoilage
followed by CDC Defy and AAC Stronghold. It was also observed that, durum wheat had a
comparatively higher germ volume than spring varieties. Most of the deterioration was initiated
near the germ and the crease part from early weeks and then spread further. The germ area was
the first to be infected with fungal infection and durum had it more than spring which can be
one of the reasons of faster spoilage of durum than spring varieties. These findings of measured
spoilage volume can be linked to the findings of Fig 3.6 (A), where large variation in seed
volume was in durum wheat than spring wheat. CDC Defy had the highest seed volume among
all varieties studied whereas, AAC Starbuck had the lowest seed volume. The measured values
of air gaps and cracks in seeds are presented in Fig 3.6 (B), where AAC Spitfire had the
maximum percentage of air space and Faller had the lowest percentage among all, and the same
was verified earlier from 2D projections of both wheat (Fig 3.3 and Fig 3.4) and 3D rendered
images from Fig 3.5 (al, bl). Increase in airspace values along with change in seed volume
from control samples to 5-week stored samples could be an indication of spoilage. The
measured seed volumes and airspace values of the frozen samples were almost similar to those

of the 5-week stored samples and did not show major variation (Fig 3.5 and Fig 3.6).
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Figure 3.5 Segmented seed features of 5 week-stored AAC Spitfire (al, Top left; A-E) and
AAC Brandon (b1, Top right; F-J). In AAC Spitfire (A: X-ray image and B: labeled
image), volume rendered image of labeled voxels (C: Seed, D: germ in green, cracks along
with pore in blue, and E: change due to spoilage in red). In AAC Brandon (F: X-ray image
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and J: labeled image), volume rendered of labeled voxels (G: Seed, H: cracks along with
pores in blue and I: germ and cracks and no change due to spoilage). At the bottom,
measured segmented volumes of components for durum wheat (a2) and spring wheat (b2)
(n=3)
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Figure 3.6 Analyzed seed volumes (A) and porosity (B)of durum wheat and spring wheat
(A) of control, 5-week and 5-week frozen (n=20). The histogram of 5-week stored wheat
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and control (a: AAC Spitfire, b: CDC Defy, c: AAC Stronghold, d: AAC Brandon, e:
AAC Starbuck, f: Faller)

All agricultural food grains are inherently variable and cannot have the same size and shape
and even internal features, as is obvious from the difference in germ volumes in control samples
as well as 5-week stored samples. The wheat germ volume was segmented and calculated for
the first time in our study as shown in Fig 3.5 (a2,b2). Image segmentation also revealed that
in both classes of wheat, fungal infection starts at the germ area near the crease and spreads or
follows the cracks or damages area. This evidently suggests that the germ part of wheat is
vulnerable to spoilage during storage of wheat and hence loss of viability of seed. This
characterization of varieties based on changes in internal components provides critical
information about wheat varieties, indicating that each variety in a class can behave differently
in grain storage. The deterioration differed in all six varieties but strongly correlated to the
existing condition of control samples. SR-pCT is best to differentiate between phases that have
low X-rays such as soft tissue, and in this study, we were able to differentiate and segment
change due to spoilage and airspace, which have almost similar X-ray absorption. The
histogram of five week stored and control wheat samples were produced and presented in Fig
3.6 (a-f), and the purpose was to check shifts in the peaks of selected varieties that reflect the
deterioration. The maximum shift was observed in the AAC Spitfire as shown in Fig 3.6(a),
followed by CDC Defy (b) and AAC Stronghold (c). The minimum shifts were observed in
spring wheat Fig 3.6 (d, e, f). The shift of histogram in durum wheat was observed, which is a
sign of infection due to fungi, where the most affected variety AAC Spitfire showed more shift
with respect to the control sample. A similar shift in histogram was first reported for maize

seeds in study*®.

Recommendation could be drawn from the study that prior understanding of dry samples using
synchrotron X-rays is required before long-term storage. High-resolution data of wheat seed
would be helpful in the modeling and planning of long-term storage studies. The post-harvest
losses could be high if inferior or damaged seeds were stored or selected for long-term grain
storage. It is evident from the image analysis of selected varieties that varieties of the same
class behave differently. Earlier there was no evidence of how much deterioration in wheat
seed structure could happen during post harvest spoilage at the microscopic level, but our study
has shown how much actual level deterioration could happen in wheat if stored at unsafe
moisture. The results will have a greater impact on wheat storage because if healthy grain will

go into grain storage and storage losses could be reduced significantly, say from 10% to less
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than 1%. Similar results were reported in durum wheat storage experiment’. Earlier studies of
X-ray absorption were unable to differentiate changes due to spoilage inside the wheat, but in
this study it was possible due to phase contrast imaging where phase of low density difference
can be visualized®®®. It was earlier reported that porosity of dry cereal kernel could not be
measured in lab due to inaccessibility of air space*’, but in this study it was measured in both
classes. Collected high resolution data could be useful in the development of new/improved
varieties through breeding programs that have better crease features and less brittle endosperm.
Researchers should be able to freeze their samples during long-term storage studies and
transport the frozen samples for imaging during the block of time assigned to that study at a
synchrotron facility. These data will help post-harvest engineers develop efficient modeling
strategies for better storage for wheat and can be correlated with nutrient changes in wheat.
The future scope of this work could be the use of machine learning algorithms in extracting
information about the opening of crease and crease depth in different classes of Canadian

wheat.
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3.2.1 Abstract

Eight wheat varieties of different classes were stored for 8 wk at 17% moisture content (wb)
before data acquisition using synchrotron phase contrast micro tomography, synchrotron X-ray
fluorescence imaging and mid-IR spectroscopy at the Canadian Light Source, Saskatoon, SK.
Differentiation of wheat is possible based on changes in microstructure of selected wheat
classes. Minimum changes in microstructure were observed in Canada Northern Hard Red
(CNHR), Canada Western Red Winter (CWRW), Canada Western Special Purpose (CWSP),
and Canada Prairie Spring White (CPSW) classes of wheat, hence these could perform better
in storage. The existing condition of kernel microstructure strongly influences the performance
of wheat in storage, which is a significant outcome of this study. The nutrient distribution and
biochemical composition were affected at the end of 8 wk storage in deteriorated wheat classes
Canada Prairie Spring Red (CPSR), Canada Western Hard White Spring (CWHWS), Canada
Western Soft White Spring (CWSWS), and Canada Western Extra Strong (CWES). Data could
also help plant breeders to develop varieties that do not easily spoil, improve grain processing

techniques, and develop post-harvest recommendations.
3.2.2 Introduction

Wheat is a staple food for 35% of the world’s population and Canada stands as one of the
world's top wheat producing nations. Canada exports wheat to more than 80 countries and also
uses domestically for food, feed and fuel'! . In Western Canada, different wheat classes serve

as the foundation of agriculture. There are sixteen wheat classes in Canada, and the popular
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classes are Canada Prairie Spring Red (CPSR), Canada Prairie Spring White (CPSW), Canada
Western Extra Strong (CWES), Canada Amber Durum Wheat (CWAD), Canada Western Hard
White Spring (CWHWS), Canada Western Red Winter (CWRW), Canada Northern Hard Red
(CNHR), Canada Western Special Purpose (CWSP), and Canada Western Soft White Spring
(CWSWS) 2.These classes cater to diverse end-users, such as bakeries, pasta manufacturers,
and livestock feed producers. The classification system ensures that the right wheat type is
cultivated to meet the specific quality standards for various products. The country's vast wheat
fields span across the Prairie provinces of Alberta, Saskatchewan, and Manitoba, with smaller
scale production in other regions>. Each class possesses unique characteristics, such as protein
content and gluten strength, making them suitable for processing into different products. The
classification system ensures that Canadian wheat meets the precise requirements of global
markets, contributing to the country's reputation as a reliable wheat supplier. The wheat
industry plays a pivotal role in Canada's economy. Wheat exports generate significant revenue
(8.3 billion USD) for the country, contributing to a favorable balance of trade®.

While Canada boasts robust wheat production, storage losses can pose challenges’.
Maintaining the quality and quantity of wheat in storage is critical to preserving its market
value. Factors like moisture, temperature fluctuations, and pest infestations can lead to spoilage
and reduce wheat quality®’. Farmers and storage facilities must employ proper storage
techniques and technologies to minimize losses. Addressing these challenges is vital not only
for economic reasons but also to ensure a consistent supply of high-quality wheat to meet
domestic and international demand. The examination of wheat quality fluctuations during
storage is a significant research focus in Canada, given the pivotal role wheat plays as both a
vital food source and a cash crop in the country. The changes in quality during storage due to
biotic and abiotic factors were reported in studies for wheat 34, The application of advanced
imaging techniques; Soft X-rays, hyperspectral imaging, hard X-rays (synchrotron techniques)
and infrared spectroscopy to the study grain quality during storage has been a subject of
rigorous investigation in the past '°~!7. Synchrotron X-ray imaging has gained popularity as an
advanced scientific tool for studying the microstructure of seeds, plants, and food. This is due
to its unique properties, including high brilliance, high resolution, rapid scanning capabilities,
and non-invasiveness'®>. Therefore, to exploit synchrotron capability, objective of this study
are to characterize different classes wheat based on seed internal microstructural information

as it relates to spoilage and changes in biochemical and nutritional components in storage.
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3.2.3 Methods
3.2.3.1 Wheat

In this study, we procured commercially available certified seeds of CPSR cultivar ‘AAC
Penhold’, CPSW cultivar ‘AC Vista’, CWES cultivar ‘Burnside’, CWHWS cultivar ‘AC
Snowstar’, CWRW cultivar ‘AAC Wildfire’, CNHR cultivar ‘Prosper’, CWSP cultivar
‘Aldoren’, and CWSWS. cultivar ‘AC Andrew’ (Table 1) from a company (SeCan, Niverville,
MB)

3.2.3.2 Storage

The experiments were carried out as per procedure described in '* .The 500 g samples of each
cultivar were conditioned, in triplicate, to a moisture of 17% mc (wb) using distilled water and
then stored in airtight glass jars (volume 1 L) and these procedures were repeated every week
up to 8 wk. Then, glass jars were stored at ambient conditions where temperatures during the
storage was in the range of 22-25°C. The moisture content was determined after 24 h by oven

drying method *°.

Table 3.2.3.1 Initial and conditioned moisture content of selected wheat classes during
storage

Wheat Class* | Cultivar Initial mc¢ (WB),% | Conditioned mc¢ (WB), %
a [ CNHR Prosper 12.48 17+0.5
b | CPSR AAC Penhold | 14.74 17+0.5
¢ | CWES Burnside 12.07 17+0.5
d [ CWHWS | AC Snowstar | 13.29 17+0.5
e | CWRW AAC Wildfire | 13.25 17+0.5
f | CWSP Aldoren 12.60 17+0.5
g | CWSWS [ AC Andrew 13.72 17+0.5
h [ CPSW AC Vista 11.51 17+0.5

*CNHR - Canada Northern Hard Red, CPSR - Canada Prairie Spring Red, CWES-Canada
Western Extra Strong, CWHWS- Canada Western Hard White Spring, CWRW- Canada
Western Red Winter, CWSP- Canada Western Special Purpose, CWSWS- Canada Western
Soft White Spring, and CPSW- Canada Prairie Spring White.
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The sample preparation, data acquisition and data processing was carried out as per the

18,20

procedures described in'>“” and briefly summarized here.

3.2.3.3 Synchrotron phase contrast microtomography (SR-pCT)

The SRP-puCT imaging of wheat samples was carried out at (BMIT-BM, 05B1-1) beam at the
Canadian Light Source, Saskatoon, SK (CLS). Ten to twenty grain kernels of each wheat class
were randomly selected and used for data acquisition. The operational parameters were
standardized for data acquisition in an earlier study'® and were: energy: 20 keV, resolution 3.6
um, and sample to detector distance of 5 cm. The data reconstruction, image processing, and
visualization were conducted using in house software (UFO), ImageJ?!, and ORS Dragonfly
(4.0, Object Research Systems, Montreal, QC).

3.2.3.4 Mid Infrared (mid-IR) Spectroscopy

The selected wheat samples, in pellet form following the previously outlined procedure 2°, were
used in data collection. The data acquisition was carried out with help of Cary 670 series
microscope (Agilent Technologies Inc., Santa Clara, CA). The spectral data were collected
within the range of 4000 to 900 cm™, at a resolution of 4 cm™. A total of 64 scans were co-
added to ensure reliable and accurate data. After data acquisition, the processing and analysis
steps (cut, rubber band baseline correction, and vector normalization) were executed using the

Quasar software (version 1.5.0)%2.
3.2.3.5 Synchrotron X-ray fluorescence imaging (SR-XFI)
The sample preparation, data acquisition and processing of selected wheat classes were carried

out using the previously described procedure'®.

3.24 Results and discussion
3.2.4.1 Visual Inspection

The visual inspection of all the selected wheat classes (varieties) was carried out after 8§ wk
storage period and deterioration was observed in stored wheat samples. The fungal infection
was detected in the germ area in dark grey color in (CWHWS, CWES, CWSWS) wheat classes
(figure 3.7). The fungal infection was observed on the surface and near crease of wheat of
CPSR and CWES classes. The impact of spoilage in storage was prominent, where
discoloration of wheat kernel was observed in classes (CNHR, CWES, CPSR, and CWSWS),
at the end of 8 wk storage.
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Control 8 wk Control 8 wk

Figure 3.7. The results of visual observation of wheat classes control and 8 wk stored [a:
(CNHR) Prosper, b: (CPSR) AAC Penhold, ¢: (CWES) Burnside, d: (CWHWS) AC Snowstar,
e: (CWRW) AAC Wildfire, f: (CWSP) Aldoren, g: (CWSWS) AC Andrew, h: (CPSW) AC
Vista]. Arrows denotes deterioration regions (germ: blue, crease: blue) and circles denotes the
change in colour in 8 wk stored samples. Full names of the wheat classes are given in Table 1.

3.2.4.2 Synchrotron phase contrast microtomography (SR-nCT)

Reconstructed cross sections of eight wheat classes for both control and 8-wk stored samples
from SR-uCT imaging are presented in figures 3.8 and 3.9 The control samples of CNHR,
CWRW, CWSP, and CWSWS were healthy and free from any deterioration before storage but
remaining samples (CWHWS, CPSR, CWES, and CPSW) showed existing imperfections in
microstructure. The cracks were present in control samples of CPSR, CWES, CWHWS and
CPSW before storage, these observations are important because the deterioration always starts
near these initial damages or cracks as reported in'8. All selected wheat classes showed varying
level of deterioration at the end of 8 wk storage period. The changes due to deterioration were

visible due to changes in grey values, this was made possible due to edge enhancement of SR-
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nCT2. The contrast due to this imaging technique made it possible to visualize changes due to
deterioration in selected wheat classes which could not be possible in absorption imaging
methods!*>?*, The maximum deterioration was observed in 8-wk stored CPSR where all parts
of the seed including germ, endosperm were seriously damaged. Canada Prairie Spring Red (
showed deterioration before storage, which might caused extreme microstructural change in it
figure3.7(b1). The CWRW and CWSWS (figure 3.8 e1 and gi) also showed deterioration in
their endosperm, besides having better microstructure before storage unlike CPSR. The wheat
classes (CPSR, CWRW, CWHWS, CWSWS) which were physically sound before storage had
initial mc (Table 1) above 13% (wb). Among these classes (CPSR, CWRW, CWHWS)
observed deterioration in SR-CT data before storage. The one common thing in all wheat
classes was that the deterioration started from crease region and then propagated across the
endosperm. The microstructural changes in endoderm were dominated in wheat classes that

2326 also reported that the crease region was

already had presence of cracks. Earlier studies
more susceptible to spoilage than other regions of wheat. The wheat classes with intact
microstructures performed better and showed more tolerance to spoilage during storage at 17%
mc (wb). The characterization of wheat classes is possible based on this high-resolution
visualization of each wheat class. The wheat class CWSP performed the best after 8 wk storage

followed by wheat class CPSW. The wheat classes that might perform better in storage are
CNHR CWES, and CWSP based on our visual observations of SR-uCT data.
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Figure 3.8. The reconstructed cross sections along minor axis (axis perpendicular to the
longest dimension) of wheat classes control and 8 wk stored based on Synchrotron phase
contrast microtomography (SR-pCT) [a: (CNHR) Prosper, b: (CPSR) AAC Penhold, c:
(CWES) Burnside, d: (CWHWS) AC Snowstar, e: (CWRW) AAC Wildfire, f: (CWSP)
Aldoren, g: (CWSWS) AC Andrew, h: (CPSW) AC Vista] . Full names of the wheat classes
are given in Table 1
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Figure 3.9. The reconstructed longitudinal sections of wheat classes control and 8 wk stored based on Synchrotron phase contrast
microtomography (SR-pCT) [a: (CNHR) Prosper, b: (CPSR) AAC Penhold, ¢: (CWES) Burnside, d: (CWHWS) AC Snowstar,
e: (CWRW) AAC Wildfire, f: (CWSP) Aldoren, g: (CWSWS) AC Andrew, h: (CPSW) AC Vista] . Full names of the wheat
classes are given in Table 1
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The quantification of microstructural properties like kernel air space, density are important,
therefore, histograms for wheat classes were plotted (control vs 8 wk) and are presented in figure

4,
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Figure 3.10. Histogram comparison of four wheat classes [top to bottom: CWHWS (a),
CWRW (b), CWES (c), CPSR (d), CPSW (e), CWSWS (f), CWSP (g) and CNHR (h)] control
and 8-wk stored. A refers to logarithmic scale histogram of CWHWS. Full names of the
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wheat classes are given in Table 1. Microstructural features (cracks, spoilage, endosperm, air)
and sample holder are deconvoluted in histogram for visualization under peaks. (n=10).

This comparison aimed to examine the shift in peaks and their corresponding positions within the
histograms (figure 3.10). Histograms of four wheat classes were plotted and compared here as an
example to check the effect of storage on the grain microstructure. In the histograms, the first peak
corresponds to air around the wheat, the second peak corresponds to the sample holder and the
third peak represent wheat kernel. The third peak in the histogram is an important part of our data
analysis, where shift because of spoilage can be traced for comparison. The microstructural
features of grain such as cracks, air, endosperm, change because of spoilage were deconvoluted
and plotted in the same histogram. Deconvoluted data are helpful in locating their position under
the peaks, which could help infer possible results from the peaks. The first two histograms of
classes, CWHWS and CWRW, where the shift in peaks of 8-wk stored samples was observed,
provides valuable insights into the changes that had occurred due to deterioration?’. The peak is
bent toward the left side in case of 8 wk stored samples along with spoilage peak underneath a
reference figure 3.10 (a,b. The cracks were dominated across the analyzed wheat samples and
mostly lied in the first peak and rest distributed in the kernel. Similar results were observed for
CWES and CPSR class, where a larger shift was observed in the CPSR class in third peak of
histogram as compared to CWES class figure 3.10 (c,d). The little change in a left hump of
histogram in CWHWS was observed which represents the change in porosity of the kernel at the
end of 8 wk storage figure 3.10 (A), where air and cracks deconvoluted peaks located. Counts were
found lowered and shifting of peaks occurred in most of the 8 wk stored wheat classes expect
CWHWS , CWRW , CWES as visible from the third peak of each histogram figure 3.10(a, b, and
c). The observed shifts in peaks substantiated the findings derived from the comprehensive
analysis and supported the conclusions drawn regarding the influence of storage on the

microstructural changes in the wheat.
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Figure 3.11. Measured mean seed volumes of control and 8-wk stored wheat, [Full names of
the wheat classes are given in Table 1] (n=10)
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Figure 3.12. Average air space in kernels of control and 8-wk stored wheat, [Full names of
the wheat classes are given in Table 1] (n=10)

The results of air space and seed volume measurement are presented in figures 3.11 and 3.12,
respectively. The CNHR wheat class showed minimum seed volume and the CPSR class had

maximum seed volume before storage (control samples). The change in seed volume was observed
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in almost all the wheat classes at the end of 8 wk storage period. In selected wheat classes, seed
volume decreased at the end of storage period except for classes CWRW and CWSP. This change
in seed volume may be associated with the deterioration of wheat in storage similar to changes in
microstructures observed in SR-uCT data. The CNHR wheat class showed maximum kernel air
space and CPSR showed minimum air space in control. At the end of 8 wk storage, maximum air
space was in classes CWSWS and CWES. But larger change observed in the kernel air space of
CWHWS class was observed over control, whereas minimum was observed in CWRW class over
control (figure 3.12). As earlier visualized from the SR-uCT data, the presence of cracks was

contributing to kernel air space.
3.2.4.3 Mid-IR spectroscopy analysis

The results of the mid-IR spectroscopy analysis are shown in figures 3.13, 3.14, and 3.15. These
figures illustrate the changes in protein, carbohydrates, and lipids in 8 wk stored wheat, as
compared to their corresponding control samples. The analysis is based on the collected spectra,
and the focus lies in evaluating alterations in these key biochemical components due to spoilage
at the end of 8 wk of storage. The spectral region ranging from 1800 to 900 cm™!, was used in
analysis, as depicted in figure 3.13. This IR region is called the fingerprint region and its range
definition can vary from between 1800 — 1500 cm™! to 800-600 cm™'. This region was selected due
to its relevance, featuring absorption bands are dominated by contribution from protein, lipid, and
carbohydrate content’®?. Lipids, proteins, and carbohydrates are marked by distinct absorption
peaks at 1740 cm™, 1657 cm™!, and 1158-1023 cm™!, respectively®’. These spectral analyses provide
qualitative changes relative to each other in the key biochemical constituents over the 8-wk storage
duration. The shifts in absorption bands can offer valuable insights into the alterations occurring
in the wheat samples composition, thereby aiding in a comprehensive understanding of the effects

of storage on their nutritional and biochemical characteristics.

The peaks at 1158, 1081, and 1024 cm™* represents the carbohydrate region. The bands located at
1081 and 1024 cm™! are attributable to starch components, while the band at 1150 cm™! is linked to
the stretching vibrations of single C-C, C-O-H, C-O-C bonds within carbohydrates®'. The control
samples exhibited a distinct amount for carbohydrates, which followed the order on basis of peak
height (abundance to less): CWRW > CWSWS > CWSp >
CPSW>CNHR>CWES>CPSR>CWHWS. However, in the case of 8-wk stored samples, a notable
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decrease in absorption at 1080 cm™ for carbohydrates was observed and order changed as
(abundance to less): CWHWS >CPSR >CWSP>CWRW>CPSW>CNHR>CWES as shown in
figure 3.13. This change in absorption indicated shifts in carbohydrate content due to spoilage after
8-wk storage. The spoiled cereals showed differences in some component (lignin, lipids and
cellulose versus the remaining components) as reported in an earlier study>2. The protein spectra
occurs in the regions of 1600—1500 cm™ and 1700—1600 cm™! with amide I at 1650 cm™ and amide
Il at 1540 cm™ *°.

A distinct pattern emerged in terms of lipid absorption at 1740 cm™ for wheat classes. The lipid
peak at 1740 cm™ corresponds to the ester C=O stretching in triglycerides and polyhydroxy
aldehydes **-**. The shift in peaks and broadening was observed between control and 8 wk stored
samples figure 3.13 (a: CNHR (1) vs 2: CPSR (2), b: CWES (3) vs CWHWS (4), and d: CWSWS
(7) vs CPSW (8)). No peak shifts or less shifts were observed for classes CWRW and CWSP as
shown in figure 7 (c). The lowest absorption (1740 cm™') for lipids was observed for 8-wk stored
CWHWS and the highest absorption was in control CWHWS, which reflects how deterioration

could have impacted on certain wheat classes Previous research findings**

align with the present
study's observation of shifts in peaks for key biochemical components (carbohydrates, protein, and
lipids) in spoiled cereals. The classes CWSP and CWRW did not show variations in 8 wk stored
and control samples (figure 3.13c). This peak position shifts during spoilage may arise from
changes in metabolic activity, as well as variable defense mechanisms inherent to each wheat class
35, In deterioration process, fungi can absorb and metabolize a diverse range of soluble
carbohydrates, insoluble ones like starches, and cellulose®. It was also reported that fungal
spoilage of cereals can degrade protein, and carbohydrates by 3-19 % and by 77%, respectively,

of their original value®’.

The Principal Component Analysis (PCA) was conducted, and the outcomes were depicted in
figures 3.14 and 3.15. The comparison between the principal components for control samples and
principal components for 8 wk stored samples is shown in figure 3.15. Principal component
analysis is a widely employed technique in IR spectroscopy to visualize the distribution of data
points 3% In this context, PCA serves as a valuable tool to find clustering first and then relate to
the individual PC. A notable change was observed in spectra of individual PC of control and 8 wk

stored in the carbohydrate (1200-900 cm™') and protein (1700-1500 cm™) regions as shown in
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figure 3.14, it means biochemical changes have taken place due to spoilage in storage. The PCA
revealed clusters in control and 8 wk stored wheat samples. In controls PCA, most of the samples
were in clusters but placed close to each other, but in PCA of 8 wk stored samples, these clusters
showed change in their position and placed little distance apart from each other. In 8 wk stored
samples, some of the samples moved from positive region to negative region in the plot. These

results are in line with previously reported findings in the context of cereal analysis*>>°.

The principal components of control wheat samples, PC1, PC2, PC3 and PC4 accounted for
approximately 51%, 17%, 12% and 6% of the explained variance, respectively. Similarly, PCI,
PC2, PC3 and PC4 were plotted for 8 wk stored samples with an explained variance of 45%, 25%,
12%, and 6% respectively. The scores of 8 wk stored wheat in negative region of the plot (Figure
3.15) were CNHR 8 wk, CPSW 8wk, CWSP 8 wk, CWRW 8 wk, CWSWS 8 wk, CPSW control,
CPSR control, and CWHWS control. The scores of samples in positive region were CWHWS
control, CNHR control, CWES control, CWRW control, CPSW control, and CWSP control. Only
samples CWHWS, CWSWS and CPSR controls and 8 wk stored samples were found close to
negative region of the plots. The PCA scores of stored samples were situated at the far right, these
findings were in line with results of SR-uCT data, where large changes due to deterioration in seed
microstructure were observed. By leveraging the observations derived from this study, PCA could
prove to be a valuable technique for distinguishing and categorizing different types of spoilage,

particularly those associated with fungal infection, based on mid-IR spectroscopy data.
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Figure 3.13 Normalized mid-IR spectra of wheat control (¢) and 8 wk stored (a) [a: CNHR (1) vs 2: CPSR (2), b: CWES (3) vs
CWHWS (4), c: CWRW (5) vs CWSP (6), d: CWSWS (7) vs CPSW (8)] Full names of the wheat classes are given in Table 1

(n=3)
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Figure 3.14. Comparisons of spectra data loading points of PC1, PC2, PC3 and PC4 for all wheat classes (top: control wheat and
bottom: 8 wk stored wheat) (n=3)
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89



Figure 3.16. Nutrient distribution inside control (¢) and 8 wk stored (a) wheat thin sections (1: CWHWS, 2: CWRW)
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Figure 3.17. Nutrient distribution inside control (c) and 8 wk stored (a) wheat thin sections (3: CWSWS, 4: CWES)
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Figure 3.18. Nutrient distribution inside control (¢) and 8 wk stored (a) wheat thin sections (5: CPSW, 6: CPSR)
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Figure 3.19. Nutrient distribution inside control (¢) and 8 wk stored (a) wheat thin sections (7: CNHR, 8: CWSP)
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3.2.4.4 XFI nutrient distribution analysis

The nutrient Ca was found in abundance and well distributed in almost all parts of selected
wheat classes before storage except class CWRW (figure 3.16). The distribution of Ca was
found less affected at the end of 8 wk storage and only little variations was observed in
classes CWRW and CNHR (figure 3.17). The nutrient K was found very well distributed in
all control samples of selected wheat. It was found concentrated in seed coat with higher
intensity and across all the endosperm region (figure 3.16-3.19). Distribution of K was
affected at the end of 8 wk storage in wheat classes (CWHWS, CWRW, CWES and CPSW)
over control samples. The nutrient Mn distribution was found to be changed in (CWHWS,
CWRW, CWES, CWSP, CPSR,) and found unchanged in CPSW and CWSWS over control
samples. Nutrients Mn, Fe, and Zn are essential for plant and food crops for defense against
pathogens, diseases, or deterioration®®. The changes in distribution of these nutrients might
be sign of fungal infection. In control samples, the nutrient Fe was found concentrated in
seed coat (aleurone layer) in all selected wheat classes. The change in distribution of Fe in
seed coat region was prominent in CWES, CPSW and CWSP classes at the end of 8 wk
storage. The nutrient Zn is next essential element after Mn in plant immune system. The
nutrient Cu was found in lower intensities in control samples, but its distribution was not
affected after storage except in wheat class CWSP. The nutrient Zn was abundantly
available in control samples of the selected wheat classes. The little variation was observed
in 8 wk stored samples (CWSWS, CWSP, CWES) for nutrient Zn. The results of distribution
of nutrients found in different wheat classes in our study are in line with earlier reported
nutritional distribution for wheat’®*°, but the purpose of their study was to map nutrients.
In this study novel use of SR-XFI was carried out first time to map changes in major
Canadian wheat classes in storage due to spoilage. The nutrients which were in embryo
and crease region had diminished intensities like K and Zn were lowered in 8 wk stored
samples in comparison to the control. The intensity of nutrients in crease region found to be
lowered in 8 wk stored samples, the one reason behind this might be as crease region was
reported vulnerable earlier to diseases’®*! The presence of nutrients essential for
germination (Ca, Cu) and defense (Mn, Zn) decreased in CWES, CWHWS, CWSWS, and
CPSR classes. The results obtained provide strong evidence that SR-XFI technique, when
combined with the SR-uCT technique, can effectively characterize various wheat classes

for post-harvest storage purpose.
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3.2.5 Conclusion

Based on changes in microstructure of selected wheat classes characterization of wheat is
possible. The wheat classes that could perform better in storage are: CNHR, CWRW, CWSP,
and CPSW. Existing condition of kernel microstructure strongly influence the performance of
wheat in storage which is major outcome of our work. Based on results of short-term storage
study and acquired data, machine learning algorithm could be employed to predict and
measured actual spoilage in wheat. The mid-IR analysis of wheat data showed the variation
among the biochemical component and SR-XFI revealed nutrient distribution gradients before
and after storage.
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3.3 Conclusions Chapters 3

Significant microstructural changes were observed in durum wheat (AAC Spitfire) and spring
wheat (AAC Brandon) during the 5-wk storage period. Interestingly, spring wheat exhibited
better performance during this storage duration. No discernible variations in microstructure
were observed in the frozen samples after 5 wk, indicating that changes during freeze storage
do not occur in grains without free moisture. At high moisture (>23% wb for wheat) some
water exits as free moisture and due to formation of ice crystals internal microstructure may
change. This implies that low to medium moisture samples can be frozen for analysis in the

future when beamtime at a synchrotron facility is allocated.

Among the selected classes of wheat, the CWES (Canada Western Extra Strong) Burnside
variety demonstrated the best storage performance. Minimal changes in microstructure were
observed in CWES, Canada Prairie Spring White (CPSW), Canada Western Hard White Spring
(CWHWS), and Canada Western Special Purpose (CWSP) at the end of the 8-wk storage
period. Shifts in the peaks of histograms in X-ray images were noted, indicative of changes in
microstructure during storage. Structural integrity plays a crucial role, as compromised grains
are susceptible to spoilage under unfavorable conditions. Additionally, crease features were
identified as influencing the storage performance of wheat classes which showed maximum

changes in microstructure.
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Chapter 4. NUTRITIONAL CHANGES IN WHEAT DUE TO SPOILAGE IN
STORAGE

4.1 Mapping biochemical and nutritional changes in durum wheat due to spoilage
during storage (Published in Helyion, November 2023)
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4.1.1 Abstract

Synchrotron X-ray imaging and spectroscopy techniques were used for studying changes
during post-harvest storage of food grains. Three varieties (AAC Spitfire, CDC Defy, and AAC
Stronghold) of the Canada Western Amber Durum (CWAD) wheat class were stored for five
weeks at 17% moisture content (wb). Control (dry) and stored moistened seeds were analyzed
for biochemical and nutritional changes using synchrotron bulk X-ray fluorescence
spectroscopy (SR-XRF), X-ray fluorescence imaging (SR-XFI), and mid-infrared (mid-IR)
spectroscopy at the Canadian Light Source (CLS), Saskatoon, SK. All varieties of durum wheat
were spoiled at the end of five week, and AAC Spitfire and CDC Defy varieties were most
affected in nutritional composition and their distribution than AAC Stronghold. Variable
response to changes in biochemical and nutrition were found in all three spoiled varieties of

the same durum wheat class.

Keywords: Synchrotron, durum wheat, X-ray fluorescence spectroscopy, X-ray
fluorescence imaging, mid-infrared spectroscopy, post-harvest storage

4.1.2 Introduction
Durum wheat is the 10 most important cereal cultivated worldwide [1] with an annual

production of average of 40 million tonnes (Mt). Durum wheat is an important cereal crop of
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Canada because Canada leads the export of durum wheat in the world. The total economic
impact on Canadian economy from durum wheat sector was 7.5 billion CAD per year during
2018-20 [2]. Canada produced around 6.11 Mt of durum wheat and exported around 2.71 Mt
in 2022 [3]. There is a demand for good quality durum wheat, and Canada shares 50% of the
world’s export of durum wheat [4]. Canadian durum wheat is bright yellow in color with high
protein content and semolina yield, making it an excellent choice for making high-quality food
products. Durum wheat is a cereal crop and cereal food grains face many challenges during
bulk storage. Cereal grains are stored at many points along the food chain for a short or long
time before consumption, where sound grain storage management plays an important role in
keeping post-harvest losses to a minimum. The post-harvest losses in cereals range from 1% in
well managed systems to 50% in poorly managed systems [5]. Sometimes, in a single unit of
storage, total grain can be spoiled, making it unsuitable for human consumption, thus resulting
in 100% loss [5]. The high moisture content leads to the growth of fungi on food grains under
favourable temperatures. It is necessary to study changes in the quality of wheat during storage;
therefore many studies had been conducted to develop better post-harvest guidelines [4,6—11].
Food grains have unique internal features, structures, and compositions that differentiate them
from each other in classes and varieties. Therefore, the use of non-destructive methods such as
X-ray imaging for the study of changes in storage has taken place in the last two decades. The
conventional X-ray imaging system for wheat [ 12—16] was used to determine various structural
features for seed characterisation. The wheat seed crease depth and morphology of two wheat
lines were compared to reveal diseases such as black spots that infect particularly at the crease
[17]. These conventional systems have certain limitations such as low resolution, more
scanning time, and non-selective wavelength. Therefore, synchrotron X-ray imaging
techniques have gained pace in the last two decades and are used by researchers across the

globe.
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Soft wheat cultivars have better post-harvest storage tolerance than harder cultivars [18] and
durum wheat is hard wheat, hence it has poor storability than other non-durum wheat [4]. The
wheat structure and nutritional composition might play an important role in the resistance to
deterioration. However, knowledge about changes in nutrients or study on effect of storage on
nutrient presence using advanced imaging is limited. Wheat has micro-nutrients: Mn, Fe, Cu,
and Zn; and macro-nutrients: Na, Mg, K and Ca [19]. Micro- and macro-nutrients may play a
role in fungal pathogen defense for plants or wheat seeds. The roles of micronutrients in plant
defense have been documented for Mn, Fe, Cu, and Zn [20-22]. Synchrotron X-ray
fluorescence imaging and spectroscopy are widely used in agricultural and medical sciences
and have potential for determining nutritional components in seeds. The changes in nutrient
presence and mapping using synchrotron X-ray based fluorescence imaging in wheat crops
were reported during crop growth stages, and effect of various fertilizer treatments but not
visualized in post harvest storage studies. It has been used in pea seeds [23] for bulk nutritional

analysis, whole wheat sections [24], and in cereals [24-27].

Wheat has about 78% carbohydrates, 14% protein, 2% lipids, and 2.5% minerals [28] and
durum wheat is generally characterized by its high amounts of protein (14.3-15.1%) [29,30].
Fungal infection of wheat seeds can cause significant changes in the biochemical components
[31]. The storage protein of wheat has immense importance in determining the quality and end-
use properties of the grain, which means it has some role to play during safe storage [32]. Mid-
IR spectroscopy was used along with synchrotron imaging techniques for the identification of
Fusarium resistant wheat variety [33], high nutritional value pea seeds [34], changes in stored
wheat due to fungal damage [35], and synchrotron infrared microscopy was also used for
analyses of animal feed quality [36]. Therefore, this study was conducted to characterize the
durum wheat varieties based on nutritional and biochemical changes in storage due to spoilage.

Our study hypothesizes that, spoilage in storage can have an impact on nutritional and
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biochemical composition of durum wheat, and each variety under the durum wheat class can
behave differently. The generated data for durum wheat can be beneficial for making storage
decisions and for the food processing industry. Information about the changes in nutrition using
advanced imaging, like synchrotron imaging, is limited in post harvest storage studies of
cereals; therefore, this work was undertaken to understand the behaviour of nutritional changes
due to spoilage in durum wheat during bulk storage. The objectives of this study were to 1)
determine nutrient composition using synchrotron X-ray fluorescence spectroscopy (SR-XRF)
and localization using synchrotron X-ray fluorescence imaging (SR-XFI) and 2) determine the
biochemical composition by mid-infrared (mid-IR) spectroscopy. The developed methodology

of this study can be used for assessing changes in other Canadian wheat classes during storage.

4.1.3 Materials and Methods

4.1.3.1 Wheat

In this study, we procured and used commercially available certified seeds of Canada Western
Amber Durum wheat (varieties: CDC Defy, AAC Stronghold, and AAC Spitfire) from a

company (SeCan, Niverville, MB).

4.1.3.2 Storage experiment

Five-hundred-gram samples of each variety were conditioned to a moisture content (mc) of
17% (wb) using distilled water in triplicates and then stored in airtight glass jars (volume 1 L)
and these procedures were repeated every week for up to five week. Then, glass jars were stored
at ambient conditions where storage temperatures were in the range of 22-25°C. The mc was
determined 24 h after conditioning by oven drying of 10 g samples at 130°C for 19 h and the

samples were reconditioned, if necessary, to maintain mc at 17+£0.5% [37].

4.1.3.3 Bulk X-ray fluorescence spectroscopy
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4.1.3.3.1 Sample preparation

Technical replicates were employed during the preparation of samples for bulk X-ray
fluorescence (XRF) analyses. The samples were pulled from the three jars for grinding as a
whole and three pellets were made as technical replicates. The purpose of using technical
replicates was to ensure the reliability and reproducibility of the experimental results by
accounting for any variability that might arise during the sample preparation process. The
sample was first ground to fine powders using a cryo grinder (GENCO Spex 2010, Metuchen,
NJ USA) using liquid nitrogen. Three circular pellets were prepared using a 13-mm diameter
stainless steel die in a hydraulic press (PIKE Technologies, Madison, WI, USA) at three
pressures (53.93, 34.32, and 14.70 kPa ) with a holding of time 3 s for each pressure. The use
of pressed pellets gives more accurate results compared to packed powder samples [38].
Ninety-seven milligrams of wheat flour were pressed into pellets of an approximate thickness
of 0.2 mm and diameter of 13 mm (Fig. 4.1). The used die was wiped using ethanol after each

sample and pellets were stored in the dark in a vacuum desiccator until further use [23].
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Figure 4.1 The layout of the IDEAS-XRF beamline during data acquisition of Canadian
Light Source, Saskatoon

4.1.3.3.2 Data acquisition and analysis

Data acquisition was carried out at the Industry Development Education Applications Students
(IDEAS), which is a bending magnet beamline at the Canadian Light Source (CLS) (Figure
1). Incident X-ray of energy of 13.6 keV was used in scanning of sample pellets and scanning
was performed as per the procedure established [23]. The sample stage was placed between the
source and detector at an angle of 45° and the detector distance from the sample was set to 11
mm. A beam size of 5 mm width and 2 mm height was used for sample scanning. Total of
twenty-four sample pellets were mounted on the sample stage using Kapton tape. Three spectra
were collected per pellet and each spectrum was completed in 85 s. Data acquisition was carried
out using an in-house developed Aquaman software and then further data processing was done
using PyMca (5.6.7) software [39]. The configuration and a calibration fit were developed
using one representative sample spectrum and the rest of the sample analysis was completed
using the batch fitting routine. The statistical analysis (one way ANOVA) was done to check

significant differences in fluorescence count of nutrients (Fe, K, Zn, Ca and Mn) in the samples
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stored for 1 week, 3 week, 5 week, and control in MS-Excel 2008 and results are discussed in

the discussion section.

4.1.3.4 X-ray fluorescence imaging

4.1.3.4.1 Sample preparation

Seeds were embedded in a Leica Cryogel using liquid nitrogen. The seeds were thin-sectioned
to 80 um thickness as per the described procedure [40] using a Leica CM1950 cryostat
microtome (Leica Biosystems Inc., Richmond Hill, ON). Thin sections of samples reduce the
distortion of the elemental maps caused by the penetrating nature of the X-rays [41]. Multiple
sample sections on Kapton tape were placed on the sample holder of the BioXAS-Imaging
beamline at the CLS (Fig. 4.2). The microscopic images were collected using digital

microscope (Motic DM 143, Motic, Kowloon, Hong Kong) before SR-XFI imaging of samples.

Figure 4.2 BioXAS-imaging beamline and sample setup of Canadian Light Source,
Saskatoon.
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4.1.3.4.2 Data acquisition and analysis

The X-ray fluorescence imaging data were collected using the BioXAS-Imaging beamline at
the CLS. The in-vacuum undulator of the beamline provides a high spectral brightness source
for X-rays. In this study, the incident beam energy was set to 15 keV. The focused beam spot
size was 5 um x 5 um. Data were collected in continuous bi-directional fly-scanning mode with
a step size of 5 um and 100 ms dwell time. Each seed section took about 8 h to scan. The
Vortex-ME3 silicon drift X-ray detector (Hitachi High Technologies Science American, Inc.
Chatsworth, CA) was at 45° and the samples were in a 90-degree stage configuration to the
incident beam. The detector to the sample distance was set to 3.5 cm. Data acquisition was
carried out using PyAcq data acquisition software. Calibration of elemental peaks and data
fitting was carried out using PyMca (5.6.7) [39]. The batch fitting of data was carried out to
generate the distribution of elements and further data were normalized using an RGB calculator

of PyMca.

4.1.3.5 Mid Infrared (mid-IR) Spectroscopy

4.1.3.5.1 Sample preparation

Technical replicates were formed by selecting (pooling) wheat seeds from three jars and then
grinding these to fine powders using a cryo grinder (GENCO Spex 2010, Metuchen, NJ USA)
using liquid nitrogen. Fine flours (4.85 mg) were mixed with 385 mg potassium bromide (KBr)
to make three powder pellets. Then, this mixture was ground again using the cryo grinder and
then three equal portions of material were pressed using a hydraulic press (PIKE Technologies,
Madison, WI, USA) at three pressures (53.93, 34.32, and 14.70 kPa) with holding time 3 s each

time to form three pellets (13 mm in diameter) for each sample.

4.1.3.5.2 Data acquisition and analysis
Biochemical components (protein, lipid, and carbohydrates) were determined using mid

infrared spectroscopy [34]. The pelleted sample was placed in a sample wheel for FTIR data
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collection. Data were collected using Cary 670 series microscope (Agilent Technologies Inc.,
Santa Clara, CA) equipped with a bulk analysis accessory and thermoelectrically cooled
Deuterated Lanthanum a-Alanine doped TriGlycine Sulphate (DLaTGS) detector. The spectra
were collected in the 4000-900 cm™! range at 4 cm™! resolution with 64 scans co-added at each
raster point. Data processing and analysis were carried out using the Quasar software (version
1.5.0) [42] and OriginPro was used for plotting the spectra. The acquired spectra underwent
several preprocessing steps to ensure data quality and reliability. These steps encompassed
background correction, normalization based on sample concentration, baseline correction
utilizing the rubber band method, and vector normalization in Quasar software (Version 1.5.0).
The reshaped combined dataset, comprising both healthy and damaged samples, underwent an
application of principal component analysis (PCA) which is a well-established method for data
reduction, wherein the dataset is transformed into a smaller number of components that
encapsulate most of the original data's information. The initial and secondary principal

components (PCs) were of particular interest in this analysis.

4.1.4 Result and Discussion

The physical condition of three varieties stored for 5 week was assessed by visual observation
of three replicates and found varying levels of deterioration compared to control samples. The
fungus was visible on some of the germ parts of the AAC Spitfire and CDC Defy. Slight
discoloration from yellow to faded yellow/blackish was also found on AAC Spitfire and CDC
Defy. The AAC stronghold variety showed less deterioration on the surface or near the germ
compared with other two varieties. The level of deterioration increased from the first week to

fifth week 1n the selected varieties.

4.1.4.1 Micro and macro-nutrients presence
Bulk analysis of samples using spectroscopy of durum wheat varieties provided an overall

picture of how much particular nutrient was present before and after storage and more insight
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into whether spoilage has any impact on their presence (Fig. 4.3). The higher photon counts
were found for control samples than stored wheat samples for targeted nutrients. Nutrients Ca,
K, Mn, Fe, Cu, Zn, and Br were located with peaks in durum samples at photon energies 3660
eV, 3320 eV, 5900 eV, 8000 eV, 8650 eV, and 12000 eV, respectively as shown in Figure 3.
The variation in nutrients Ca, K, Mn, Fe, Cu, Zn, and Br peaks was found among the three
selected varieties. In control samples, the nutrient Fe was the highest in AAC Spitfire (Fig
4.3A) followed by CDC Defy and the lowest in the AAC Stronghold. The stored samples of
AAC Spitfire and CDC Defy showed differences in Fe peaks as compared to control. Maximum
reduction of around 40% in Fe fluorescence count was observed in 5 week stored samples over
control samples. In case of AAC Stronghold, less variation about 20% in Fe peaks was
observed in 5 week stored samples over control. These results agreed with the visual inspection,
where more spoilage was observed in AAC Spitfire and CDC Defy. The large variation of
nutrient Fe was found in our results and it can be linked to fungal infection. One of the reasons
for variation in nutrient Fe can be due to growth of fungus on durum wheat, as per literature
fungal infection might strive on plant cells iron for support of their metabolic activities [43].
In fungi, intracellular siderophores can serve as iron storage [44]. One more reason for large
variation of Fe element could be linked to deterioration of two durum wheat varieties (AAC
Spitfire and CDC defy) where the outermost layer from whole grain was lost in sample
preparation (may be damaged due to weak structure) where Fe is distributed. One of the study,
stated that whole wheat contains Fe about 3.9 mg/100 g, as compared to wheat flour 0.9 mg/100
g [45], hence due to deterioration the Fe present in outer layers or attached husk, which may
have fallen off at the end of 5 week of storage, could not make into wheat flour of pellets. In
CDC Dety variety (Fig 4.3B), the steep decline in Fe peak was observed as storage period
progressed from 1 week to 5 week. A similar trend was observed in case of nutrient K and Zn

in 5 week stored samples of durum wheat and reduction by 15% in photon counts compared to
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control. The roles of micro-nutrients in plant defense were documented for Zn [20—22]. Hence
from the seed defence point of view degradation of Zn and Mn micronutrients can be sign of

deterioration in durum wheat.
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Figure 4.3 XRF bulk spectra of durum wheat (A: AAC Spitfire, B: CDC Defy, and C:
AAC Stronghold) in control (dry) and stored at different week at 17% mc (wb)

In all durum varieties, minor degradation of nutrients (Ca, Mn, and Cu) was also observed due
to deterioration. The around 8-10% reduction in fluorescence counts was observed for Ca, Mn,
and Cu nutrients in spoiled samples of durum wheat. As the storage time increased, it had an
observable impact on K, Mn, and Fe, whereas Ca, Zn, and Cu had less variations. Durum wheat
variety AAC Stronghold (Fig 4.3C) showed a higher presence of nutrient Br and had variations
among the samples stored for different week and remaining other nutrients were least affected
or had less variation but showed comparatively higher variation in Zn. The nutrients Fe, Zn
and Mn are essential for growth of fungus in cereals [46]. As discussed earlier in case of Fe

presence that fungal or mould growth due to unfavorable condition during storage might be
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responsible for diminishing of nutrients. As per Bamrah et al. [23] the results obtained using
the XRF spectroscopy method are statistically not different from the analytical laboratory
methods for seed nutrient analysis, it means observed results in variation of nutrient due to
deterioration can be used in further analysis or interpretation. In case of AAC Spitfire and CDC
Defy, the decrease in counts or variation in peaks was observed from one-week storage
onwards, whereas AAC Stronghold variety did not show reduction in counts until 3 week
storage. These observations can be linked to deterioration of samples, where AAC Stronghold
performed better in storage and three varieties can be characterised based on changes in
macronutrients and micronutrients. All three varieties of durum wheat showed variable
response in spectra of available nutrients; hence synchrotron X-ray fluorescence spectroscopy
can be used in characterization of wheat varieties for post harvest storage. One-way ANOVA
revealed statistically significant differences in means of fluorescence counts (p<0.05) in some
nutrients. In all selected varieties of durum wheat, the significant changes in (p<0.05) nutrient
Fe, Zn, and Mn were found during length of storage. The changes in nutrient K was found
statistically insignificant (p>0.05) in variety AAC Spitfire but was found significant in CDC
Defy and AAC Stronghold (p<0.05) varieties. The changes in nutrients Ca and Cu were found
statistically insignificant at (p>0.05) in all durum wheat varieties. The results illustrate that,
deterioration of durum wheat had significant impact on its available nutrients at the end of 5

week storage.
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4.1.4.2 Changes in nutrient distribution

The results of SR-XFI imaging of 80-micron thin sections of durum wheat (control and 5 week
stored) are presented in Fig.4.4. The purpose was to map changes in the distribution of essential
nutrients within seed components before and after storage. Gradients in micronutrients and
macronutrients were observed between spoiled and control durum wheat samples. The red in
the scale represents maximum value and blue represents the minimum value of detected
nutrient across wheat sections. In Fig. 4.4, only those sections in which maximum difference
in nutrient distribution was observed are presented. Nutrient Fe was abundantly distributed in
the seed coat (with aleurone layer) of the durum wheat in control samples in the order CDC
Defy > AAC Spitfire > AAC Stronghold as is visible in Fig 4.4 (al, b1, c1) before storage and
after storage in spoiled samples as in order CDC Defy > AAC Stronghold > AAC Spitfire Fig
4.4 (dl1, el, f1). Next to Fe, the nutrient K was well distributed in all control samples of three
varieties inside the seed coat and across the endosperm of the seed as shown in Fig 4.4 (a2, b2,
and c2). In spoiled samples nutrient K was found in the order CDC Defy > AAC Stronghold >
AAC Spitfire as observed from Fig 4.4 (d2, e2, f2). The distribution of K was also lowered in
spoiled samples as observed from Fig 4.4 (d2, e2 and f2). The observed distribution of K was
lowered in endosperm, but not in the seed coat in durum wheat, this might be due to the
deterioration of endosperm due to spoilage in the seed. Larger gradients were observed in Fe,

Zn, and K in spoiled samples than controls.
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Figure 4.4 The mapping of nutrients in control and 5 week stored durum wheat.
Distribution of nutrients Fe (al, b1, c1, d1, el, f1), K (a2, b2, c2, d2, e2, f2) and Zn (a3,
b3, ¢3, d3, e3, f3) using SR-XFI. Microscopic images of durum wheat control thin
sections (a: AAC Spitfire, b: CDC Defy, c:AAC Stronghold) and 5 week stored (d: AAC
Spitfire, e: CDC Defy, f: AAC Stronghold)

Elements Cu, Fe, and Zn are localized in aleurone layer in wheat and large gradients in
concentration of elements (Cu, Fe, Zn, Mn) exist between crease and endosperm region [24].
In this study only distribution of elements of interest were mapped not the concentration;
however, in previous studies wheat seed components were characterized on the basis of
element concentrations [24,47]. The distribution of Fe, Zn, and K was lowered in all spoiled
samples as is visible in Fig 4.4. Control samples of AAC Spitfire and CDC Defy showed Zn
concentrated in germ and adjoined aleurone layer, but later in spoiled samples the distribution
was lowered in all durum wheat samples Fig 4.4 (a3-f3). In CDC Dety, Zn was found to be

distributed in aleurone and crease region after 5 week Fig 4.4 (b3); however, lower than control
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samples Fig 4.4 (e3). An earlier study also reported that Zn is Associated with aleurone and
crease regions [47]. Zinc plays a pivotal function in the plant's response to pests and diseases
[48]. The major changes in Fe and K nutrient distribution were observed in scanned spoiled
seed samples and these findings agreed with the findings of bulk XRF spectroscopy. As
compared to K, Fe, and Zn, a minor variation in the distribution of other nutrients was observed
for Ca, Mn, and Cu in the case of all durum varieties. The microscopic images of spoiled
samples Fig 4.4(d, e, f) showed deterioration in the endosperm over control samples Fig 4.4(a,
b, ¢). The presence of air gaps and cracks were found in microscopic images of control samples
in AAC Spitfire (Fig 4.4a) and CDC Dety (Fig 4.4b). These imperfections may have been
caused due to deterioration during storage or sample preparation, where major changes were
observed in nutrients in spoiled sections as discussed earlier. The extent of damage was less in

both thin sections of the AAC Stronghold as shown in Fig 4.4(c, f).

In our study, we were able to map variations in the distribution of micro- as well as macro-
nutrients in durum wheat during post-harvest storage, because, in earlier studies, only effect of
field treatments on the presence of nutrients in different cultivars was studied [19,24]. The
nutrients Mn, Cu, Fe, and Zn play an important role in plant defense and immune responses
[20—-22]. Manganese is responsible for the production of phenolic compounds, which assist in
plant defense mechanisms [49]. Almost similar trend was observed in decreasing distribution
of nutrients in durum wheat cross sections for other nutrients Ca, Mn, and Cu, but gradients
were lower than for Fe, Zn, and K. The variety AAC Stronghold performed better than other
two varieties, but all durum wheat were affected at 17% mc within 5 week of storage. The
spoilage in storage not only affects physical structure, which was found in microscopic images,
but also diminishes the nutritive value of durum wheat. The outcomes of nutrient mapping were

found to be interconnected with the findings obtained from bulk spectroscopy analysis.

4.1.4.3 Biochemical changes

115



The changes in biochemical components during storage using mid-infrared spectroscopy
analysis are presented in Fig (4.5-4.7). The variations in proteins, lipids, and carbohydrates in
durum wheat varieties due to spoilage during storage were assessed and the spectra of control
and 5 week stored wheat are presented in Figure 5. The 1800—1100 cm ™' region of spectra was
used in the analysis because this region has absorption bands related to protein, lipid, and
carbohydrates [35]. Control samples of wheat have relatively higher lipids, proteins, and
carbohydrates at 1740, 1650, and 1080 cm™ [50]. The region 1200-900 cm™! represent
carbohydrates with peaks at 1023, 1080 and 1150 cm ™!, in which spectral bands located at
1080 and 1023 cm™! have been attributed to starch and, the band observed at 1150 cm™ can be
attributed to the stretching of CC and CO bonds within starch molecules, as suggested by
previous studies [34]. The control AAC Spitfire showed maximum absorbance for
carbohydrates followed by CDC Defy and AAC Stronghold. Later, at the end of 5 week of
storage large gradient was observed in absorbance of carbohydrates for AAC Spitfire compared
to other two varieties CDC Defy and AAC Stronghold. The variety CDC Defy showed lower
absorption for carbohydrates at the end of 5 week of storage, this illustrates impact of
deterioration on biochemical composition and AAC stronghold showed less changes compared
to other two varieties. Carbohydrates were degraded mostly may be due to starch degradation
compared to lipids and proteins, which can be inferred from normalised spectra of CDC Defy

and AAC Spitfire.
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Figure 4.5 Normalized bulk mid-IR spectra of durum wheat varieties; AAC Spitfire,
CDC Defy and AAC Stronghold stored for 5 week and control to check biochemical
(proteins, lipids, carbohydrates) variation in spectral region 1900-900 cm -1

Durum wheat is called hard wheat due to its high protein content [13], hence it is important to
know the impact of deterioration on wheat protein. Mid-IR may help in characterization of
selected durum wheat on these changes due to deterioration in storage. Therefore, second
derivatives of spectra were plotted for regions 1700-1600 cm™! as shown in Fig 4.6. The band
regions at 1600~1500 cm™ and 1700-1600 cm™! represent the protein spectra with amide I at
1650 cm! (C= O and C-N stretching) and amide II at 1540 cm™ (N-H bending and C-H
stretching) [34]. The nature of proteins can be evaluated from Fig. 4.6. The peaks located at
1635 and 1654 cm™! were B-sheets and a-helical secondary protein structures in durum wheat.
All observed peaks followed similar pattern, but considerable variation was observed in 5 week
stored samples for AAC Spitfire and CDC Defy varieties compared to control. It can be
observed protein (1700-1500 cm™") regions play an important role in the characterization of
durum wheat. AAC Spitfire control and 5 week stored wheat showed variation in lipid peaks
at 1750 cm™! as presented in the second derivative spectra of Figure 6. Biochemical changes in
storage studies wheat and other cereals at unsafe moisture were summarized [51] and found

that protein, carbohydrates were decreased in range of 3-19 % after 6 week storage due to
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mould growth. Lipids were at 77% of original value in wheat and processed wheat products
after end of storage due to fungal infection [51]. The analysis of principal components revealed
that the first three principal components (PCs) PC1, PC2 and PC3 collectively showed 73%,
20% and 5% of the explained variance, respectively (Fig 4.7a). By employing the PC scores, a
clear distinction was observed between the PC scores generated for control samples and 5 week
stored samples. These PC scores were further utilized to create a graphical representation Fig
4.7(b, ¢). The score of 5 week stored samples are bent to right side than that of control samples
which were clustered at left side. In the resulting plot a discernible separation between the PC
scores corresponding to control and 5 week stored wheat was evident. The deterioration in seed
tends to be non-uniform, hence not all tissues of seed would necessarily experience damage,
therefore, some 5 week stored samples showed up in left side with controls in the plot. In
summery, more affected varieties due to spoilage were AAC Spitfire and CDC Defy and less
affected was the AAC Stronghold. The control sample of AAC Spitfire was in the negative
region than the other two varieties, which might reflect its initial condition that it has poor
storability. Similar result was reported for fusarium susceptible and resistant wheat varieties
[33], where they were able to characterize fusarium resistant varieties of wheat based on FTIR
spectra results. The plot revealed that almost all durum wheat showed deterioration as per
shifting of scores in negative region. AAC Stronghold was sound before storage but later
showed deterioration, but less compared to other two varieties. The kernel texture and
biochemical composition, including starch granule texture, and protein content vary among
wheat varieties [52] and similar findings were the outcome of this study. In deterioration
process, fungi can absorb and metabolize a diverse range of soluble carbohydrates, insoluble
ones like starches, cellulose, and hemicelluloses and break down complex hydrocarbons such

as lignin [53]. The durum wheat is said to be poor in storage under unfavorable conditions [4]
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and in our study using high resolution imaging it was found more susceptible to spoilage in

short term storage.
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Figure 4.6 The second derivative bulk mid-IR spectra of durum wheat varieties; AAC
Spitfire, CDC Defy and AAC Stronghold stored for S week and control in spectral
region 1700-1600 cm-1 for analysis of changes in protein and its structure
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Figure 4.7 Top (a): data loading plots of three principal components (PC1, PC2, PC3) of
the data (durum wheat varieties; AAC Spitfire, CDC Defy and AAC Stronghold stored
for 5 week and control) in spectral region 1800-900cm-1. Bottom: Principal component
analysis (b) (PC1 vs PC2) of durum wheat. Principal component analysis (¢) (PC1 vs
PC3) of durum wheat varieties.

4.1.5 Conclusion

The SR-XRF analysis revealed the effect of storage time and deterioration on variations in
micro and macro nutrients. The SR-XFI imaging revealed changes in nutritional distributions
at the micron scale in thin sections in their maps within seed features. The changes in
biochemical components (proteins, lipids, and carbohydrates) due to deterioration during
storage were determined using mid-infrared (mid-IR) spectroscopy. The AAC Spitfire and
CDC Defy varieties showed more deterioration than AAC Stronghold, and all three varieties
can be characterized based on variation in nutrient and their distribution with spoilage and

storage time. The developed methodology in this study will be useful in the analysis of more
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cereal and pulse seeds. There is good scope of linking observed changes in wheat during storage

to X-ray microcomputed tomography data (microstructural data) of wheat.
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5.1.1 Abstract

Four varieties of barley (Esma, AC Metacalf, Tradition, AB Cattlelac), representing four
Canadian barley classes, were stored at 17% moisture content (mc) for 8 week. Stored barely
was characterized using synchrotron X-ray phase contrast microcomputed tomography,
synchrotron X-ray fluorescence imaging, and mid-infrared spectroscopy at the Canadian Light
Source, Saskatoon. The deterioration was observed in all the selected varieties of barley at the
end of 8 week of storage. Changes due to spoilage over time were observed inside grain
microstructure and its nutrient distribution and composition. The study underscores the critical
importance of the initial condition of barley grain microstructure in determining its storage life,
particularly under unfavorable conditions. The hulled barley varieties showed more
deterioration in microstructure than the hulless varieties of barley, where a direct correlation
between microstructural changes and alterations in nutritional content was found. All selected
barley classes showed changes in distribution of nutrients (Ca, Fe, K, Mn, Cu and Zn), but two
row AC Metcalf variety exhibited more substantial variations, in the nutrient distribution ( Zn
and Mn) than other three varieties during storage. The two row class barley varieties showed
more changes in biochemical components (protein, lipids, and carbohydrates) than six row

class varieties

Keywords: Synchrotron microcomputed tomography; X-ray fluorescence; mid-IR;

Storage of barley; Micro-structure; Nutrition
5.1.2 Introduction

Barley (Hordeum vulgare L.) holds significance as a vital cereal crop in Canada and

globally. It is cultivated for purposes such as animal feed, malt products, and human
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consumption. Globally, 70% of barley production is allocated for animal feed, with the
remainder being utilized for human consumption, including malt and food products [1].
Canada, ranks as the fifth-largest producer globally, producing 9.8 million metric tonne (Mt)
of barley from an area of 2.8 million hectares in 2022 [2]. Canadian barley can be categorized
into two types: hulled (intact husk) and hulless (loosely attached husk), further subdivided into
six-row or two-row classes [3]. The malt industry is one of main consumers of barley in Canada
and across the world. The barley intended for malt production, a prerequisite of 95% varietal
purity is important [4], and Canada excels in producing high-quality barley for the malt export
market. Key quality parameters for barley consist of better germination rate, good protein
content, and kernel uniformity. Superior-quality barley has less than 5% broken kernels, a

protein content ranging from 9 to 12%, and a germination rate of 95% or higher [5,6].

Post-harvest storage of barley, like other cereals, is essential prior to consumption. The
losses can occur during grain storage, with the extent of losses spanning from 1 to 50%,
depending upon storage conditions and characteristics [4—6]. The storage life of barley is
influenced by both biotic factors (insects, fungi) and abiotic factors (temperature, humidity,
moisture). Among these, maintaining an appropriate moisture level is paramount. Barley is
typically harvested at elevated moisture levels to mitigate harvesting losses. Therefore, drying
is required to achieve a storage moisture content of 13% (wb). Elevated moisture levels during
barley storage foster mold growth, culminating in post-harvest losses including diminished
germination rates, nutrient degradation, weight loss, and toxin contamination [7]. A multitude
of studies have been conducted to assess and mitigate quality and post-harvest losses in barley
storage, focusing on the interaction of abiotic and biotic factors [8—14]. The average nutritive
loss of 2.82% was found in barely stored for 12 months, protein losses were about 2.5%, and
losses in fats were minimal. The germination of 14% and above moisture content malting
barley are found to be reduced below 95% when stored for five months and high temperature
and moisture can reduce barley germination to 0% at the end of nine months. Significant
changes can occur in free fatty acid values dur-ing storage of hulless and hulled barley. Most
common fungi that affect the quality of malting barley in storage are Aspergillus, Penicillium,

and Fusarium [15].

All agricultural food grain seeds possess unique attributes such as physical (size, shape,
colour) and composition (nutrients) which serve as distinguishing factors among them [15].
Even within the same category of cereal grains, variations in seed characteristics exist. For

instance, Canadian wheat is categorized into sixteen classes, while barley is grouped into eight
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classes based on seed attributes. These attributes can play a role in safe storage of cereal grains.
The varieties of same grain type or class can exhibit varying degrees of resistance to
deterioration within their respective habitats, as evidenced by instances where certain varieties
have outperformed others during storage [16]. The inherent structure and properties of the seed
might contribute to its defense mechanisms against spoilage under unfavorable conditions. In
pursuit of insights, numerous investigations have been conducted to uncover such information
concerning seeds, utilizing advanced imaging techniques such as X-ray and hyperspectral
imaging [14,17-21]. These techniques have enabled researchers to extract microstructural
details of seeds, composition, structural arrangements, and dynamic processes inside the plants,
fruits, and seeds [22]. The utilization of synchrotron imaging has gained prominence in
agriculture and food science, primarily due to limitations (experiment time, resolution, non-
coherent source) as-sociated with conventional imaging methods (X-ray, microscopic, digital
imaging). Com-prehensive applications of synchrotron X-rays have been compiled and details
can be found in the literature [15,17,25]. Application of synchrotron X-ray microtomography
was extensively used in food industries for product development, mapping changes in structure
of food like bread, noodle dough bubbles, cracking of chocolate, microstructure changes due
to gas exchange in product, ice cream stability under varying conditions, air pathways in pome
fruits, and in fish [17]. Synchrotron phase contrast imaging has an edge over normal absorption
imaging, because it can work for low density materials like soft tissues of plants and
differentiation of dynamic process in tissues. Phase contrast is created by variable propagation
distance between sample and detector; therefore, this unique property could be utilized in
differentiation in seed features like changes in deterioration, moisture, and air volume which
have less density gradients. The more detailed theory and its properties could be found

elsewhere [15,23,24].

In a similar vein, the exploration of post-harvest dynamics in malting barley presents a
promising avenue for synchrotron imaging. The quest for superior quality malting barley
necessitates the presence of robust grain structures coupled with elevated germination potential
and vigor [24].. Hence, a hypothesis emerges wherein synchrotron X-ray and mid-infrared
technologies might be harnessed to map structural, nutritional, and biochemical changes that

occur in barley varieties due to spoilage during post-harvest storage.

5.1.3 Materials and methods
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In this study, commercially available and certified seeds of four distinct barley classes were
acquired from a private enterprise (SeCan, Niverville, MB). The two barley varieties, namely
Esma and AC Metacalf were selected which represent Canada eastern malting two-row hulled
(2R) and Canada western malting two-row hulless (2Rhl), respectively. Additionally, two other
varieties, Tradition and AB Cattlelac, were selected which belong to Canada western malting
six row hulled (6R) and Canada western six row hulless (6Rhl), respectively. Samples of each
variety, about 500 g, were conditioned to achieve a moisture content of 17% (wb) using
distilled water. Subsequently, these samples were stored within sealed glass jars, each
possessing a volume of 1 L under ambient conditions where temperatures ranged between 22
to 25°C. This process of conditioning and storage was recurrently executed every week for a
duration spanning 8 week. The moisture content of the samples was evaluated post storage
through an oven drying method. Specifically, 10 g samples were subjected to drying at 130°C

for 19 h, and the resulting moisture content was determined [25].

5.1.3.1 Synchrotron X-ray phase contrast microcomputed tomography (SR-uCT)

The sample preparation, data acquisition, and data processing were carried out as per the
procedures described in [26] and briefly summarized here. The imaging of the selected barley
samples was completed at the BMIT-BM beamline at the Canadian Light Source (CLS) in
Saskatoon, Canada [26] (Briefly summarized here). For energy filtration, two filters, namely
aluminum (Al) with a thickness of 0.800 mm and molybdenum (Md) with a thickness of 0.076
mm, were used. These filters effectively modified the incident X-ray beam into a filtered white
beam with an energy level approximating 20 keV. The transmitted X-rays were converted into
visible images by using a scintillator (LuAg 500) in combination with a detector (PCO Edge
5.0, AA-40). The acquisitions were carried out at a resolution of 3.6 um. Fifteen to twenty
individual grain kernels were randomly chosen for each variety from the glass jars. These
kernels were then placed inside a plastic tube and positioned onto a sample stage, secured with
reusable adhesive. The orientation of the sample was carefully adjusted to ensure its eccentric
alignment on the stage, guaranteeing its sustained presence within the beam's field of view.
Subsequently, the sample was mounted onto a rotating stage positioned between the X-ray
detector and the X-ray beam. The rotating stage facilitated a controlled alteration in the
sample's orientation, accomplished through increments of 0.06°, relative to the incident beam.
A vital parameter in phase contrast imaging, the distance between the sample and the detector,
was optimized at 5 cm to enhance contrast through the sample. Around 3000 projection images

were captured for 180° rotation of the sample. Before and following the acquisition of the CT
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images, reference images of flat and dark signals were captured. The average of these flat and
dark images was used for normalization [22,27]. The extraction of phase information was
achieved through Paganin's method, performed from a singular phase-contrast image
corresponding to each projection angle. This phase retrieval process was facilitated using the
UFO-kit [28]. The results of reconstrued data are presented in Figures la and 1b, where
projections from control, 6-week, and 8-week stored barley samples are shown. The principles

and theory of X-ray phase contrast imaging are available elsewhere [29-31].

The reconstructed data were effectively assembled in a vertical manner using the "ez helper"
module, an integral component of the UFO kit. Subsequently, a further binning process of 4x4
was applied to ensure the data size remained below 4 gigabytes. This operation was performed
using the software "Fiji" (version 2.9.0), setting the stage for subsequent image processing. To
evaluate the properties of the seed, specifically the volume and air space, analysis was
conducted on ten individual kernels per sample using a label analysis module in ORS
Dragonfly software (2021.3, Object Research Systems, Montreal, QC) for both the control and
spoiled samples data. Further segmentation procedures were executed to extract more intricate
features from the images, including but not limited to cracks, air gaps (between husk and
endosperm/seed coat), seed coat/husk, endosperm, change due to deterioration, and germ. The
initial step encompassed the creation of distinct regions of interest (ROIs) for each component
of interest, accomplished through the segmentation editor found in the ORS Dragonfly
software. This enabled the segmentation of components like the germ, air spaces, and
microstructural alterations indicative of spoilage. These analyses were performed to check the
effect of storage and spoilage on seed microstructure; therefore, it was performed on control
and 8-week stored barley samples. Visualization of these segmented components and
measurement for both the control and 8-week stored samples is presented in Fig 5.3 and 5.4,
subsequently utilized for a comprehensive characterization of the changes in barley due to
spoilage. The results of this analysis are depicted in Fig 5.5. Additionally, the normalized
histograms of both control samples and stored samples are plotted and displayed in Fig 5.6.

These histograms were prepared by processing 4096 bins with 0 to 65536 image stacks.

5.1.3.2 Synchrotron X-ray fluorescence imaging (SR-XFI)

The sample preparation, data acquisition, and data processing were carried out as per
the procedures described in [26] and briefly summarized here. To spatially visualize the

distribution of nutrients within barley seeds [32] (briefly summarized here), this method was
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used. Randomly selected barley seeds were embedded in a Leica Cryogel using liquid nitrogen.
Subsequently, thin sections of these seeds were obtained with a thickness of 80 um, employing
the established procedure [33]. The thin sectioning procedure was executed using a Leica
CM1950 cryostat microtome (Leica Biosystems Inc., Richmond Hill, Ontario). The utilization
of thin sections is instrumental in minimizing distortions that may arise in nutrient maps due to
the penetrative characteristics of X-rays [34]. Multiple thin-sectioned samples were positioned
on Kapton tape and arranged on the sample holder. Before acquisition, microscopic images
were captured utilizing a digital microscope (Motic DM 143, Motic, Kowloon, Hong Kong).
Following this preliminary step, the SR-XFI imaging of the samples was performed. Notably,
one sample representative of each specific barley class was subjected to SR-XFI analysis to

construct nutrient distribution maps of barley sections.

The data were collected at the BioXAS-Imaging beamline at the CLS, Saskatoon. The
in-vacuum undulator of the beamline provides a high spectral brightness source for X-rays. In
this study, the incident beam energy was set to 15 keV. The Kirkpatrick-Baez (K-B) micro-
focusing mirrors were used to micro-focus the monochromatic X-ray beam spot size to 5 um
x 5 um. Data were collected in continuous bi-directional fly-scanning mode with a step size of
5 pm and 100 ms dwell time. The Vortex-ME3 silicon drift X-ray detector (Hitachi High
Technologies Science American, Inc., Chatsworth, CA) was at 45° and the samples were in a
90° stage configuration to the incident beam. The detector to the sample distance was set at 3.5
cm and each seed section took about 6-8 h to scan. Data were acquired using PyAcq (CLS,
SK), an in-house developed multi-threaded python based data acquisition software. Calibration
of nutrient peaks and data fitting was carried out using PyMca software (5.6.7) [35] and results

are presented in Fig 5.7.

5.1.3.3 Mid Infrared (mid-IR) Spectroscopy

The sample preparation, data acquisition, and data processing were carried out as per the
procedures described in [26] and briefly summarized here. To quantify the biochemical
constituents encompassing protein, lipid, and carbohydrates, mid-infrared (IR) spectroscopy
was carried out [36]. For the comprehensive analysis of barley biochemistry on a larger scale,
sample sets consisting of 25 to 30 grain kernels were chosen randomly from the storage jars
[32] (briefly summarized here). These selected samples were then subjected to cryogenic
grinding to produce finely powdered material. Subsequently, these fine flours, amounting to

4.85 mg each, were combined with 385 mg of potassium bromide (KBr), resulting in the
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creation of three distinct technical replicates for each sample. The mixture of fine flour and
KBr underwent further grinding using the cryo grinder, ensuring homogeneity. From this
homogenized mixture, equal portions were extracted, and these portions were subsequently
subjected to the pressing process. A hydraulic press (Auto-CrushIR, PIKE Technologies,
Madison, WI, USA) was employed for this purpose. Three different pressures were applied
during the pressing procedure, specifically 53.93, 34.32, and 14.70 kPa. Each pressure was
maintained for 3 s. This sequence of pressing yielded the formation of three individual pellets

for each sample. These pellets were standardized in size, measuring 13 mm in diameter.

The samples, now in pellet form following the previously outlined process, were
positioned within a sample wheel designed for data collection. For the data acquisition, FTIR
microscope (Cary 670, Agilent Technologies Inc., Santa Clara, CA) was employed. This
microscope was equipped with a bulk analysis accessory and a Deuterated Lanthanum o-
Alanine doped TriGlycine Sulphate (DLaTGS) detector, which was maintained at a low
temperature through thermoelectric cooling. The spectral data were collected within the range
of 4000 to 900 cm’!, at a resolution of 4 cm™. A total of 64 scans were co-added to ensure
reliable and accurate data. After data acquisition, the processing and analysis steps were
executed using the Quasar software (version 1.5.0) [37]. The resulting spectra were visualized
and presented by plotting them in Spectragryph (version 1.2.16.1). Principal Component
Analysis (PCA) was also performed using Quasar software, and all the results of the mid-IR
analysis are presented in Figs 5.8- 5.10. This analytical approach harnessed the capabilities of
mid-IR spectroscopy to deduce the content of protein, lipid, and carbohydrates within the
pelleted samples, thus contributing to a comprehensive understanding of the barley's

biochemical composition during 8-week storage.

5.1.4 Statistical analysis

The paired t test was performed on results of 3D segmentation analysis. It was performed for
each pair (control and 8 wk stored) of barley class group to check significant differences for

components (husk, germ, volume, air space, change due to spoilage, endosperm, and cracks).
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5.1.5 Results and discussion

Upon visual inspection, it was evident that the stored samples of all the selected barley varieties
exhibited varying degrees of deterioration by the conclusion of the 8-week storage period. This
deterioration was observed after visual inspection of stored barley samples. The fungal
infection was detected in the germ area of the stored barley varieties. This observation
underscores the adverse impact of storage conditions on the barley, resulting in the growth of
fungi. Additionally, the deterioration process was accompanied by the discoloration of the husk
in the spoiled samples. The presence of fungal infection and the discoloration of the husk serve
as tangible indicators of the spoilage process and the subsequent alteration in the overall quality

and condition of the stored barley.
5.1.5.1 Microstructural changes

The microstructure of all the chosen barley varieties was subjected to analysis by utilizing the
SR-uCT projections that had been gathered. In doing so, the structural features of the seeds
were closely examined, revealing notable disparities between control samples and stored barley
samples. In figures la and 1b, these distinctions are visually depicted. The visual analysis of
the X-ray images of control samples unveiled the presence of pre-existing cracks and air gaps
within the seed endosperm. Interestingly, these cracks initiated from the crease region of the
seed and subsequently propagated throughout the endosperm. This structural attribute was
particularly noticeable in the selected barley samples. The shape of the inspected seeds from
the same variety was observed to remain relatively consistent during the storage period, as
illustrated in Fig 5.1 and Fig 5.2. However, beneath this externally unaltered appearance,

significant internal microstructural transformations occurred with storage.
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Control 6 week 8 week

Figure 5.1 Cross sections from images of control and 17% moisture content four barley
varieties [A: (6R) Tradition, B: (2R) AC Metacalf, C: (6Rhl) AB Cattlelac, D: 2Rhl)
Esmal] stored for 6 and 8 week. The white bar in the X-ray projections represent the

scalebar of 1000 pm.

138



Control 6 week 8 week

Figure 5.2 Longitudinal sections from 3D images of control and 17% moisture content
four barley varieties [A: (6R) Tradition, B: (2R) AC Metacalf, C: (6Rhl) AB Cattlelac, D:
2Rhl) Esma] stored for 6 and 8 week. The white bar in the X-ray projections represent
the scalebar of 1000 pm

A novel revelation of this study was the identification of air gaps between the endosperm and
the husk, which adheres closely to the seed coat in hulled barley varieties. These air spaces
contribute to the overall air space of the kernel, including the presence of cracks and pores. The
manifestation of deterioration within the spoiled samples was characterized by shifts in grey
values and better contrast with edge enhancement due to SR-uCT. The boundaries of the seed
microstructure became more apparent due to the enhanced contrast achieved through phase
imaging, as exhibited in Fig 5.1 and Fig 5.2. This capability to visualize structural details is
crucial for understanding the mechanisms of spoilage related changes within the seed
microstructure. The discernible features observed in both cross sections were subjected to
further processing and segmentation, leading to specific measurements aimed at evaluating the
extent of spoilage among the different classes of barley (Fig 5.3). Notably, in both the six row
and two row hulled varieties, the presence of air space beneath the husk was detected. This
structural feature may contribute to spoilage, particularly at unsafe moisture conditions. The
changes attributed to deterioration were more pronounced in the hulled varieties belonging to

both the six row and two row types of barley. However, among the selected barley varieties,
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both the six row varieties; hulled variety (6R) Tradition and the hulless variety (6Rhl) AB

Cattlelac showed comparatively higher deterioration than two row varieties.

Figure 5.3 3D visualization of segmented components of two row hulled barley (2R: AC
Metacalf) stored for 8 week. [a: cross section, b: labelled slice, ¢: germ (green) & cracks
(dark blue), d: ¢ & changes due to deterioration (red), e: d & endosperm (light blue), f: e
& husk gap (yellow), and g: f & husk with seed coat (pink)], (n=1)

The measured voxel volumes of segmented components were estimated from the total labelled
seed volume voxels as shown in figure 3. The two row AC Metacalf variety emerged as the
most affected among the four selected barley varieties, with an estimated change due to
deterioration of 8% of total seed volume at the end of 8 week of storage (Fig. 5.4). On the other
hand, the two row hulless variety (2Rhl) Esma demonstrated better performance, with only a
2% change due to deterioration over the same duration. This relatively less deterioration was
notably linked to the intact microstructure observed in the control samples of the Esma variety.
Among the examined characteristics, the (6R) Tradition displayed larger cracks, accounting
for approximately 6% of the seed volume, in contrast to 2% for the (2R) AC Metacalf variety.
Furthermore, the gap between the endosperm and germ was more substantial in the hulled
varieties (6R and 2R) of both classes at 11% and 10%, respectively. Consequently, the six row
hulled barley samples exhibited higher kernel air space. The volume of the husk and coat was
found higher in six row hulled and hulless varieties (Tradition, AB Cattlelac) than two row

hulled and hulless (AC Metacalf, Esma) varieties.
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Figure 5.4 Measured labelled volume of control and eight week (8wk) stored barely
varieties [(2Rhl) Esma, (2R) AC Metacalf, (6Rhl) AB Cattlelac, and (6R) Tradition)]
(n=3)

Maximum and minimum air spaces or gaps were identified within the two row (2R) AC
Metacalf and (6R) Tradition varieties both before storage and following an 8-week storage
period. This observation highlights the variations in air space presence among the examined
barley varieties. In the control samples, existing cracks were detected across all varieties, with
the order of crack volume being as follows: (2R) AC Metacalf > (6R) Tradition > (6Rhl) AB
Cattlelac > (2Rhl) Esma. These cracks appeared to originate from the crease region of the seeds.
The emergence of cracks in this pattern may be attributed to external and internal stresses
present within the seed structure due to action of field operations, drying, or other unit
operations [38]. These cracks were evident in the 3D segmentation visualization (dark blue).
The progression of deterioration (red pixels), was observed to spread around these cracks and
near the crease region, a trend that was similarly observed in 2D visualization. The 3D
visualization of our data showed how existing irregularities like cracks in seeds widened due
to the deterioration of endosperm at the end of storage period. In cereal food grains the infection
around the crease region may occur and this region was found vulnerable [39,40]. The germ of
all varieties displayed signs of deterioration; a phenomenon demonstrated through 3D
visualization. In these visualizations, the red pixels extended within and over the green pixels
of germ. This deterioration within the germ could signify a decline in germination potential,

ultimately impacting the malting value of the barley. Notably, the size of the germ differed
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between hulled and hulless varieties, with hulless varieties having larger germ sizes.
Specifically, the germ size of Esma (2Rhl) was approximately 25% larger than that of AB
Cattlelac (6Rhl). Although the germ volume remained relatively consistent after the 8-week
storage period, slight deviations were observed in the germ volume of hulled varieties in
comparison to the control. This deviation could potentially be attributed to the presence of a
larger deterioration volume within the segmentation results for these hulled varieties. It was
also observed from Fig. 5.5 that, there were changes in seed volume at the end of the 8-week
storage period, particularly with respect to spoilage in comparison to control samples. Notably,
the six-row varieties exhibited a greater change in volume (i.e., increased over control)
compared to the two-row varieties. Air space was observed within the germ outer layer and
germ in both hulled varieties of two row and six row over the germ, This could be helpful for
germination but may make hulled seeds more susceptible to deterioration and ultimately might
affect the seed viability. . Results of the paired-t test indicated that there was a significant
difference (p < 0.001) be-tween control and 8 wk samples for 6R and 2Rhl barley classes in
measured segmented seed volumes, but it was found non-significant for 6Rhl (p = .353) and
2R (p =.057). Similarly, the results of paired-t test were carried out for microstructural feature
cracks, and there was significant differences for 6Rhl (p=0.009) and 2R (0.043), but not for 6R
(p=0.193) and 2Rhl (p=0.153) barley classes. In case of change due to spoilage, the significant
differences were observed for 2R (p=0.015), 2Rhl (p=0.005) and 6Rhl (p= 0.004), but not for
6R (p= 0.055). It was observed from the statistical analysis in case of spoilage, almost all the
selected barely classes (four varieties) were found to be affected. Barley class (2R) only showed
significant difference (p=0.03) for husk content but not other barley classes. Barely classes: 2R
(p=0.043) and 6Rhl(p=0.009) showed significant difference for presence of cracks but other
two classes (6R and 2Rhl), had no significant difference. The only barley class that showed a
significant difference in endosperm was 2R (p=0.034). But in case of features germ and air
spaces beneath husk, all the barley classes showed nonsignificant differences between control

and 8 week samples.
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Figure 5.5 Measured seed volume of control and 8-week stored barely varieties [(2Rhl)
Esma, (2R) AC Metacalf, (6Rhl) AB Cattlelac, and (6R) Tradition)]. (n=10)

To visually assess and quantify the differences between the control and 8-week stored samples,
histograms were plotted for both categories (Fig. 5.6). The data were deconvoluted in each
histogram to locate seed features (endosperm, cracks, air, and spoilage) beneath the peaks to
show significant changes and support data analysis. This comparison aimed to examine the
shift in peaks and their corresponding positions within the histograms. Notably, the shifting of
peaks in 8-week stored samples was particularly prominent, meaning the density reduction and
provided valuable insights into the changes that had occurred due to deterioration [21]. Among
the observed outcomes, the most significant shift in peaks was noted in the 8-week stored six
row and two row hulled varieties. This observation served as validation, corroborating the
previously noted changes evident in the X-ray images. Third peak of histogram in the logscale
histogram (Fig 5.6a) showed change in height along with the shift. The lowering of peak height
can be attributed to change in volume and density due deterioration in storage The pronounced
shift of peaks in this variety further underscored the considerable impact of deterioration on
the microstructure and composition of the barley samples during the storage period. Histogram
analysis serve as a quantitative tool to elucidate changes in distribution patterns and provides
a direct visual representation of the effects of spoilage on the examined samples. The observed
shifts in peaks substantiated the findings derived from the comprehensive analysis and
supported the conclusions drawn regarding the influence of storage on the microstructural
changes in the barley varieties. In the histograms of barley, the second peak corresponds to the
seed endosperm, while the first peak represents the air spaces within the seed. Upon closer
examination of all the histograms, a consistent pattern emerged: the grey value of 8-week stored

samples decreased progressively. This decline in grey value signified a reduction in the density
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of the seed's internal structure (Fig. 5.6). The six row varieties exhibited higher density when
compared to their two row counterparts. This relationship between spoilage density alteration
with time underscores the dynamic interplay between internal structural changes and the

progression of spoilage within barley seeds.
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Figure 5.6 Normalized histogram of control and 8-week stored barely varieties [(a:6R)
Tradition, (b:2Rhl) Esma, (c:2R) AC Metacalf, and (d:6Rhl) AB Cattlelac)].
Deconvoluted data are shown below the peaks in logplot of (a:6R barley) histogram.
(n=10)
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5.1.5.2 Changes in nutrient distribution

The outcomes from synchrotron X-ray fluorescence imaging (XFI) are shown in figure 6. The
nutrient distribution map of one barley variety (6R) AB Cattlelac (control and 8-week stored
samples) is shown as an example in Fig 5.7. It highlights the observed alterations in the
distribution of nutrients, including K, Ca, Mn, Fe, Cu and Zn within the 8-week stored barley
when compared to the control. The methodology employed for synchrotron XFI results has
been verified to yield statistically consistent findings when compared to analytical methods
[41]. The colour scales were used for visual representations, which enabled clear visualization
of the variations in nutrient distribution across the barley samples. Analyzed images effectively
illustrated how the distribution of nutrients within the barley seeds changed due to
deterioration. By capturing and presenting these variations, the synchrotron XFI method
enhanced our understanding of the impact of spoilage on the nutrient distribution within barley
seeds. This information can have broader implications for assessing the nutritional quality of

stored barley and making informed decisions regarding post-harvest management strategies.

Min

Figure 5.7 X-ray fluorescence images of six row AB Cattlelac barely variety, control (top)
and 8-week stored sample (bottom) showing nutrient distributions (left: nutrient in group
distribution and right: individual distribution) (n=1)
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The nutrient K was observed to be most abundant in all control samples of the selected barley
varieties, as depicted in Fig 5.7. It displayed a well distributed presence across all seed
components, namely the endosperm, seed coat, and embryo. The distribution sequence (high
to low) as per intensity was (6R) AB Cattlelac >(6Rhl) Tradition >(2Rhl) AC Metacalf > (2R)
Esma. Previous research has indicated that K tends to concentrate in the scutellum, seed coat,
and vascular bundle within cereal grains [42]. However, K was found at lower intensities in
the husk of hulled varieties. Our study suggests that the distribution of K was influenced by
spoilage. Specifically, in the case of variety AC Metacalf, the impact on K distribution was
relatively minor compared to other varieties, as K distribution was found visible in both the
seed coat and endosperm regions. In hulled varieties, the distribution of nutrient K in the husk
remained unchanged. Interestingly, the distribution of K within the endosperm was reduced
near or in region of the endosperm, as depicted in Fig 5.7. This suggests that spoilage induced
changes due to moisture resulted in damage to the endosperm region (which was earlier
observed in SR-pCT), leading to alterations in K distribution. In hulless varieties, K was found
to be present in the seed coat after 8 week of storage. These distribution patterns align with

findings from previous studies [33,43,44].

The nutrient iron (Fe) exhibited concentration in the seed coats (aleurone) of all samples, with
distinct intensities across them. Control barley samples, i.e., those taken prior to storage,
showcased a greater intensity of nutrient Fe distribution within the seed coat in comparison to
8-week stored samples. In the latter scenario, there was a noticeable reduction in the intensity
of Fe. This phenomenon can be further substantiated by considering the example of the six row
barley variety, as depicted in Fig 5.7. The nutrient Fe was not detected in the husk region of
the hulled varieties belonging to both the two row and six row classes. The distribution of Fe
abundance based on intensity followed the order: (6Rhl) Tradition > (2Rhl) AC Metacalf >
(6R) AB Cattlelac > (2R) Esma. Previous research has reported that Fe is primarily
concentrated in the aleurone layer [42,45]. Our study aligns with these findings, as we observed
similar results in our analysis, but this holds true for only six row varieties in the study. The
two row barley varieties, both hulled and hulless, exhibited the presence of Fe in the endosperm
at lower intensity compared to aleurone region. Notably, these varieties displayed the higher

disparity in Fe distribution between 8-week stored and control samples.

The subsequently essential nutrients, Mn and Zn were visualized across thin sections of the
barley sample. Within control samples, Zn was notably concentrated in the aleurone layer and

embryo region more than in the endosperm. In contrast, Mn exhibited a more uniform
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distribution across all sections of control samples. It was found that, in the control samples, the
distribution of Zn followed the order (most abundant to less); (6R)AB Cattlelac > (2RhI)AC
Metacalf > (2R) Esma > (6Rhl)Tradition, while the distribution of Mn followed the order
(2Rhl) AC Metacalf >(6R) AB Cattlelac > (6Rhl) Tradition > (2R)Esma. However, an evident
degradation of both Zn and Mn was observed in the 8-week stored samples of the four barley
varieties. Comparatively, the degradation of Mn was more pronounced than that of Zn in the
stored samples. Among the varieties, AC Metacalf variety exhibited the highest degree of
degradation, particularly in the case of Zn, while Esma variety showed the least degradation of
Zn. The images revealed that Zn nutrient was also localized in the embryo and crease regions
of the barley seeds. These observations align with earlier studies that reported similar
distribution patterns of Zn and Mn in barley samples [33,42,44]. Notably, all the stored samples
exhibited a lower abundance of Mn compared to Zn at the end of 8-week storage. AC Metcalf
variety exhibited more substantial variations, indicating changes in the distribution of Zn and

Mn in comparison to the control samples, as compared to the other three varieties.

In the results, degradation of micronutrients was observed due to spoilage with increasing
storage period. Micronutrients are considered essential for plant defense to diseases, which
have been previously documented for Mn, Cu, Fe, and Zn [46—48]. Mn was found responsible
in the production of phenolic compounds which assist in plant defense mechanisms [49] and
Zn nutrient has been reported to play a major role in plant immune responses [50]. Both, Zn
and Mn were found concentrated in crease region of the four barley control samples but, later
after 8 week of storage, their abundance decreased, which might be due to spoilage starting
near the crease region of the grain. The crease features of grains have a great impact on their
post harvest quality [39]. In hulless varieties, a large gradient was observed between control
and 8-week stored barley than hulled varieties. Therefore, hulless varieties under both classes
of barley may perform comparatively weak in storage and more susceptible to spoilage than
hulled varieties, and similar results were found when hulled and hulless barley were stored for
12 month [13]. The variations that were observed in nutrient distribution due to deterioration
could be linked to fungal infection. One of the reasons for variation could be due to growth of
fungus on barely seeds, As per literature fungal infection might strive of plant cells iron and
other essential nutrients for support of their metabolic activities [51]. In our study, the structural
changes were found maximum in hulled varieties than hulless varieties, and this could be due
to prior condition of barley grains as discussed earlier. In all hulled and hulless varieties

changes or reductions in the distribution of other nutrients (Ca, K, Fe, Cu) were observed in
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spoiled samples. These vital nutrients are responsible for healthy grain and growth of barley
[52], hence their degradation in storage means loss of germination, and the loss in germination
of malting barley below 95% is not recommended if it is used for malt production [24]. The
utilization of synchrotron X-ray fluorescence imaging (SR-XFI) proved valuable in accurately

mapping the changes occurring during post-harvest storage in barley due to spoilage.
5.1.5.3 Biochemical changes

The outcomes of the mid-IR spectroscopy analysis are shown in figures 7-9. These figures
illustrate the changes in protein, carbohydrates, and lipids in 8-week stored barley samples, as
compared to their corresponding control samples. The analysis is based on the collected
spectra, and the focus lies in evaluating alterations in these key biochemical components due
to spoilage at the end of 8 week of storage. The spectral region ranging from 1800 to 900 cm"
!, was used in analysis, as depicted in Fig 5.8. This specific region was selected due to its
relevance, featuring absorption bands that correspond to protein, lipid, and carbohydrate
content [53]. Lipids, proteins, and carbohydrates, which are marked by distinct absorption
peaks at 1740 cm™!, 1651 cm™!, and 1080-1023 cm’!, in selected barley varieties control and 8-
week stored samples [54]. These spectral analyses provide a means to track and quantify the
changes in the key biochemical constituents over the 8-week storage duration. The shifts in
absorption bands can offer valuable insights into the alterations occurring in the barley samples
composition, thereby aiding in a comprehensive understanding of the effects of storage on their

nutritional and biochemical characteristics.
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Figure 5.8 Normalized mid-IR spectra of three sample pellets of four barley classes (A:

6R, B: 6Rhl, C: 2R, and D: 2Rhl) control and 8-week stored samples (n=3).
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The peaks at 1156, 1081, and 1024 cm™* represents the carbohydrate region. The bands located
at 1081 and 1024 cm™! have been attributed to starch components, while the band at 1150 cm’!
can be linked to the stretching vibrations of CC and CO within starch molecules [36]. The
control samples exhibited a distinct amount for carbohydrates, which followed the order
(abundance to less): (2Rhl) Esma > (2R) AC Metacalf > (6Rhl) AB Cattlelac > (6R) Tradition.
It means before storage two row barley varieties had higher lipids before storage compared to
six row varieties. However, in the case of 8-week stored samples, a notable decrease in
absorption at 1080 cm™ for carbohydrates was observed and order changed as: (2R-8wk) AC
Metacalf >(6Rhl-8wk)AB Cattlelac >(2Rhl-8wk) Esma>(6R-8wk) Tradition. This change in
absorption indicated shifts in carbohydrate content due to spoilage after 8-week storage. The
spoiled cereals showed lower absorbance for biochemical components (carbohydrates, protein
and lipids) as reported in an earlier study [55]. The protein spectra in the regions of 1600—1500
cm™! and 1700-1600 cm™! were investigated, with amide I at 1650 cm™ and amide 1I at 1540
cm’! [54]. To evaluate protein structure, second derivatives of the spectra were plotted at 1700-
1600 cm!, as illustrated in figure 8. The B-sheets and o-helical secondary protein structures
exhibited peaks at 1636 cm™ and 1656 cm’, respectively. The selected barley varieties
demonstrated almost similar patterns of secondary protein structures, except for the 8-week
stored (6R) Tradition and (2Rhl) AC Metacalf barley varieties. There was a considerable
variation observed in the normalized absorbance of 8 week stored barley and control in the
second derivative spectra, which can be inferred from in-dividual spectra as shown in Fig 5.8
(A, B, C and D). The hulled barley class (6R and 2R) showed lower absorbance for the -
sheets and a-helical secondary protein structures (Fig 5.8 A and C). The selected barley
varieties demonstrated almost similar patterns of secondary protein structures, except for the
8-week stored (6R) Tradition and (2Rhl) AC Metacalf barley varieties. This observation
signified changes in protein secondary structures due to spoilage. The normalized absorbance
displayed considerable variation in both spoiled samples compared to control samples after 8
week of storage, as seen in Fig 5.9. In contrast, control samples exhibited a consistent trend
without major variations in peaks, unlike the altered pattern observed in the stored samples as
shown in Fig 5.9. This comparison highlights the impact of storage-induced spoilage on the
normalized absorbance and spectral characteristics of carbohydrates and proteins in barley

varieties.
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Figure 5.9 Second derivative spectra of control and 8-week stored barley classes (A: 6R,
B: 6Rhl, C: 2R, and D: 2Rhl) for analysis of changes in protein structure.

A distinct pattern emerged in terms of lipid absorption at 1740 cm™ for selected barley varieties.
The lipid peak
polyhydroxy aldehydes [56,57]. This divergence in absorption patterns can be attributed to the

at 1740 cm™ corresponds to the ester C=O stretching in triglycerides all

unique composition and structure of hulled and hulless barley varieties, influencing the spectral

response during spoilage. The lowest absorption (1740 cm™) for lipids was observed for 8-
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week stored (6Rhl) AB Cattlelac variety and the highest absorption was in control (6R)
Tradition variety followed by (6RhI-8wk) Tradition variety. Previous research findings [53,55]
align with the present study's observation of lower absorbance for key biochemical components
(carbohydrates, protein, and lipids) in spoiled cereals. This shift in peaks during spoilage may
arise from changes in metabolic activity, as well as variable defense mechanisms inherent to
each barley variety [27]. In deterioration process, fungi can absorb and metabolize a diverse
range of soluble carbohydrates, insoluble ones like starches, and cellulose [58]. It was also
reported that fungal spoilage of cereals can degrade protein, and carbohydrates by 3-19 % and
by 77% of their original value [59].

The Principal Component Analysis (PCA) was conducted, and the outcomes were depicted in
Fig 5.10. This figure illustrates the comparison between the PC1 and PC2 scores of control and
8-week stored barley samples. PCA is a widely employed technique in IR spectroscopy to
visualize the distribution of data points [27,55]. In this context, PCA serves as a valuable tool
to analyze and comprehend the patterns and relationships within the collected spectral data.
The first two principal components, PC1 and PC2, accounted for approximately 67% and 14%
of the explained variance, respectively. Similarly, PC2 and PC3 were plotted with an explained
variance of 74% and 7%, where scores of stored barley and control barley were separated from
each other, unlike the first two components. Almost all the stored samples were inclined
towards right side as compared to control. These results are in line with previously reported
findings in the context of cereal analysis [27,55]. For the Esma and Tradition varieties, PCA
scores of stored samples were situated at the far right, these findings were in line with results
of SR-uCT data, where large changes due to deterioration in seed microstructure were
observed. From the data loading of PC1, PC2 and PC3 showed in Fig 5.10, notable observation
can be made in the carbohydrate (1200-900 cm™) and protein (1700-1500 cm™') regions. It was
used in the differentiation of stored samples and control samples based on biochemical
changes. The application of PCA, in conjunction with the identified mid-IR peaks, presents a
potential avenue for the characterization of stored grains. By leveraging the observations
derived from this study, PCA could prove to be a valuable technique for distinguishing and
categorizing different types of spoilage, particularly those associated with fungal infection,
based on mid-IR spectroscopy data. This approach offers a promising means to enhance the
understanding of spoilage processes and to facilitate the development of strategies for

identifying and addressing issues related to food grain quality and safety.
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5.1.6 Conclusion

The study's findings underscore the crucial significance of assessing the initial post-harvest
quality of barley prior to its storage. While the adverse impact of unfavorable moisture
conditions on barley storage is widely acknowledged, our study stands out for providing a
comprehensive mapping of actual deterioration and the changes in barley microstructure
through synchrotron X-ray techniques. This knowledge holds substantial promise in guiding
the formulation and execution of storage strategies. The atlas of high resolution images
developed in our study, encompassing the most prevalent malt and feed barley classes, serves
as a foundational framework for the planning of post-harvest processing procedures for barley.
A notable conclusion is that the presence of a hull cannot guarantee the protection of barley
seeds if their structural integrity is already compromised. Moreover, our results emphasize that
even sound hulless varieties may perform better in storage conditions. In our research, we
successfully established a connection between microstructural changes and the corresponding
nutritional and biochemical alterations resulting from spoilage over 8-week storage period.
This comprehensive analysis allowed us to understand the intricate relationship between the
physical changes in the grain's structure and the consequential shifts in its nutritional and
biochemical composition during the storage period. These findings have practical implications
for optimizing post-harvest storage practices in the barley industry, facilitating enhanced
quality preservation and management. The future scope of our work is to train synchrotron data
for development of machine learning algorithms for artificial intelligence (Al) segmentation of

spoilage and identification of heathy barely for grain storage and malting industry.
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Chapter 6. SUMMARY AND CONCLUSIONS

Post-harvest losses during cereal grain storage pose significant concerns in both developing
and developed countries, particularly where wheat and barley serve as staple food grains.
Synchrotron X-ray imaging and spectroscopy techniques present promising tools for studying
changes in garins during storage. Varieties within different classes exhibit distinct behaviors
under storage, influencing their ultimate storage life. The study's hypothesis revolves around
the idea that advanced imaging methods can trace changes in grain microstructural and
nutritional properties caused by spoilage. To date, high-resolution imaging data for both dry
and spoiled seeds are not available for any class of wheat or barley. Therefore, our initial
attempt aimed to generate 3D data to enhance our understanding of seed structure and changes

due to spoilage.

Building upon the results of the preliminary experiment, we conducted a characterization of
varieties within the most common wheat classes (spring and durum). These varieties were
stored for a short term of 5 wk at 17% moisture content. Both control (dry) and stored high-
moisture seeds underwent analysis for structural and nutritional changes using synchrotron
techniques: phase contrast micro-computed tomography, bulk X-ray fluorescence imaging, X-
ray fluorescence imaging, and mid-infrared spectroscopy at the Canadian Light Source in
Saskatoon, SK. During this study, wheat grains were also stored in a freezer (-18°C) for further
scanning to investigate any additional changes in the structure of seeds due to freezing. The
data acquisition parameters were standardized for SR-uCT (20 keV, 3.6p resolution, and 5 cm
propagation distance) and SR-XRF/XFI (15 keV, 5u resolution, and 100 ms dwell time) and
mid-IR (900-4000 cm! range and at 4 cm™' resolution). From our preliminary experiment, we
successfully developed a methodology for testing stored food grains (both wet and frozen)
using synchrotron techniques. Image processing revealed changes in the microstructure of
wheat with spoilage at the end of the 5-wk storage, and this structure remained unaltered after

freezing of stored wheat.

The bulk XRF analysis highlighted the impact of storage time on variations in available
nutrients. The SR-XRI demonstrated significant changes (p<0.05) in nutritional distributions
at the micron scale in thin section maps within stored durum wheat seeds. Changes in
nutritional features, including protein, lipids, and carbohydrates, due to spoilage during storage
were determined using mid-infrared (mid-IR) spectroscopy. Among the durum wheat varieties,
AAC Spitfire and CDC Defy exhibited the most substantial changes in both microstructure and

nutritional composition compared to AAC Stronghold. In contrast, all spring wheat varieties
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performed better with minimal quality changes than durum wheat. Notably, spring wheat
outperformed durum wheat in short-term storage, with varieties Faller and Starbuck showing
better performance than AAC Brandan based on microstructural and nutritional changes. This
observation prompted further experiments, and we expanded our study to include more wheat

and barley classes using the developed methodology.

In the second experiment, eight wheat varieties, each representing different western Canada
wheat classes, and four barley varieties (two six-row and two two-row), each representing
distinct western malt barley classes, were stored for 8 wk at 17% moisture content (wb). Data
acquisition for both control (wheat, barley) and stored grains (wheat and barley at 8 wk) was
conducted with the same standardized operational parameters for SR-uCT, SR-XFI, and mid-
IR. The changes in microstructure within selected wheat classes allowed for the
characterization of wheat. The results indicated that the following wheat classes—CNHR,
CWRW, CWSP, and CPSW—performed better in storage compared to classes CWHWS,
CPSR, CSWS, and CWES. Hulled barley varieties exhibited more deterioration in
microstructure than hulless varieties, establishing a direct correlation between microstructural
changes and alterations in nutritional content over time. Observations of changes due to
spoilage within the grain structure informed the characterization of selected wheat and barley
varieties based on alterations in grain structure, nutritional composition due to deterioration.
The initial condition of the grain structure in control samples strongly influenced the storage
life of wheat and barley during the short-term storage of 8 wk. The high-resolution information
generated for selected wheat and barley varieties will be valuable in planning post-harvest
storage. Additionally, these data could assist plant breeders in developing varieties that are less
susceptible to spoilage, refining existing grain processing techniques, and formulating post-
harvest recommendations for other crop varieties. Future work aims to develop a machine
learning model for the identification and segmentation of spoiled components of seeds based

on the acquired X-ray data for the eight wheat classes
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Chapter 7. FUTURE WORK AND CONTRIBUTION TO THE RESEARCH

KNOWLEDGE

Future work

There are several studies that could build on research reported in this thesis. For example,

Machine learning models can be trained using the collected SR-puCT data of healthy
and stored seeds for automated identification of spoilage and changes in microstructure.
Other food grains such pulses, oil seeds can be tested using the developed methodology
at a synchrotron facility.

Perishable foods (e.g., valuable fruits and vegetables) could be analyzed using
synchrotron tools to study affect of control atmosphere storage on their microstructure.
Effects of long term storage (3-5 years) and different moisture levels (11%, 13%, and
15%) on structural changes in cereal grains can be characterized using developed

methodology using a synchrotron facility.

7.2 Contribution to research knowledge

The developed database of high-resolution images of dry and stored seeds in this study
will be a guide for researchers who are engaged in grain storage studies.

Grain managers will benefit from knowing how long their stored products can be safely
stored depending on the variety in storage.

Developed methodology in testing of food grains using synchrotron tools will be very

useful in analysis of stored food.
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Chapter 8. ANNEXURES

Annexure. A (CLS experiments)

2. Storage Experiment at 17%mc (wb)
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4. Data acquisition wheat, barley using SR-uCT at CLS
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500-600 microns
1 -

50-200 micron. ? -

Mid IR: 4.75-4.95 mg+ 97.5 mg kb L

XRF: 38.5-39.5 mg triplicate i IR pillet O RF pellets

6. mid-IR, SR-XRF sample preparation step2 at CLS
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8. SR-XREF data collection at IDEAS beamline, CLS
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9. SR-XFI sample preparation for BIOXAS beamline acquisition

; ‘ \e2, . [
1 3 - - ;

10. SR-XFI data acquisition at BIOXAS beamline, CLS
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Annexure B (SR-XRF data of spring wheat and barley)

SR-XFI processed data of nutrient distribution in control and stored food grains

1c

2¢

2s

3c

3s

1. Nutrient distribution in control (¢) and 5 week(s) stored spring wheat (1: Faller,
2: AAC Starbuck and 3: AAC Brandon)
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2. Left: SR-XFI images showing Fe distribution of barley control (al:Esma, b1:AC
Metacalf, c1: Tradition and d1: AB Cattlelac) and 8 weeks stored (el:Esma,
f1:AC Metacalf, g1: Tradition and h1: AB Cattlelac) samples. Right: SR-XFI
images showing K distribution of barley control (a2:Esma, b2:AC Metacalf, c2:
Tradition and d2: AB Cattlelac) and 8 weeks stored (e2:Esma, f2:AC Metacalf,

g2: Tradition and h2: AB Cattlelac) samples
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3. Left: SR-XFI images showing Zn distribution of barley control (a3:Esma, b3:AC
Metacalf, c3: Tradition and d3: AB Cattlelac) and 8 weeks stored (e3:Esma, f3:AC
Metacalf, g3: Tradition and h3: AB Cattlelac) samples. Right: SR-XFI images showing
Mn distribution of barley control (a4:Esma, b4:AC Metacalf, c4: Tradition and d4: AB
Cattlelac) and 8 weeks stored (e4:Esma, f4:AC Metacalf, g4: Tradition and h4: AB
Cattlelac) samples
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4. Left: SR-XFI images showing Fe distribution of barley control (aS:Esma, b5S:AC
Metacalf, c5: Tradition and d5: AB Cattlelac) and 8 weeks stored (e5:Esma, f5:AC
Metacalf, g5: Tradition and hS: AB Cattlelac) samples. Right: SR-XFI images showing
K distribution of barley control (a6:Esma, b6:AC Metacalf, c6: Tradition and d6: AB
Cattlelac) and 8 weeks stored (e6:Esma, {6:AC Metacalf, g6 Tradition and h6: AB
Cattlelac) samples
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Annexure C (Statistical Analysis of SR-XRF data on nutrient counts)

1. Anova for Fe in AAC Spitfire

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

Column 1 9 3747698 416410.9 29408905
Column 2 9 3375306 375034 33132379
Column 3 9 3506189 389576.5 139577099
Column 4 9 3720350 413372.3 66632088
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 1.06E+10 3 3.52E+09 52.34118602 1.93E-12 2.90112
Within Groups 2.15E+09 32 67187618
Total 1.27E+10 35

2. Anova for Zn in AAC Spitfire

Anova: Single Factor

SUMMARY
Groups  Count Sum Average Variance
Column1 8 109993.2 13749.15 3898245
Column 2 8 126078.6 15759.83 1801468
Column 3 8 101645.4 12705.67 2913165
ANOVA
‘ceof Varic  SS df MS F P-value F crit
Between ( 38558767 2 19279383 6.71531 0.005564 3.4668

Within Gr« 60290148

Total 98848915

21 2870959

23
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3. Anova for Mn in AAC Spitfire
Anova: Single Factor

SUMMARY
Groups = Count Sum Average Variance
Column1 8 39708.07 4963.509 329185.4
Column 2 8 47316.19 5914.524 1118072
Column 3 8 54967.34 6870.918 434115.9
ANOVA
‘ce of Varic  SS df MS F P-value F crit
Between ( 14552871 2 7276436 11.60286 0.000403  3.4668
Within Gr( 13169612 21 627124.4
Total 27722484 23

4. Anova for Ca of AAC Spitfire
Anova: Single Factor

SUMMARY
Groups = Count Sum Average Variance
Column1 8 78003.48 9750.435 1606829
Column 2 8 79759.41 9969.926 1246789
Column 3 8 73640.27 9205.034 381882.9
ANOVA
‘ce of Varic  SS df MS F P-value F crit
Between ( 2481865 2 1240933 1.150609 0.335604  3.4668
Within Gr( 22648510 21 1078500
Total 25130375 23
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5. Anova fro Ca in CDC Defy
Anova: Single Factor

SUMMARY
Groups = Count Sum Average Variance
Column1 8 78003.48 9750.435 1606829
Column 2 8 79759.41 9969.926 1246789
Column 3 8 73640.27 9205.034 381882.9
ANOVA
‘ce of Varic  SS df MS F P-value F crit
Between ( 2481865 2 1240933 1.150609 0.335604  3.4668
Within Gr( 22648510 21 1078500
Total 25130375 23

6. Anova for Mn in CDC Defy
Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

Column1 8 39708.07 4963.509 329185.4

Column 2 8 47316.19 5914.524 1118072

Column 3 8 54967.34 6870.918 434115.9

ANOVA

‘ce of Varic  SS df MS F P-value F crit
Between ( 14552871 2 7276436 11.60286 0.000403 3.4668
Within Gr( 13169612 21 627124.4

Total 27722484 23
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7. Anova for Fe in CDC Defy

Anova: Single Factor

Total 98848915 23

SUMMARY
Groups = Count Sum Average Variance
Column1 8 360 45 600
Column 2 8 3331287 416410.9 33610178
Column 3 8 3000272 375034 37865576
ANOVA
‘ce of Varic ~ SS df MS F P-value F crit
Between ( 8.42E+11 2 4.21E+11 17666.78 1.33E-34  3.4668
Within Gr 5E+08 21 23825451
Total 8.42E+11 23
8. Anova for Zn in CDC Defy
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Column1 8 109993.2 13749.15 3898245
Column 2 8 126078.6 15759.83 1801468
Column 3 8 101645.4 12705.67 2913165
ANOVA
‘ce of Varic  SS df MS F P-value F crit
Between ( 38558767 2 19279383 6.71531 0.005564  3.4668
Within Gr( 60290148 21 2870959
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9. Anova for Ca in AAC Stronghold

Anova: Single Factor

SUMMARY
Groups = Count Sum Average Variance
Column1 8 78003.48 9750.435 1606829
Column 2 8 79759.41 9969.926 1246789
Column 3 8 73640.27 9205.034 381882.9
ANOVA
‘ce of Varic  SS df MS F P-value F crit
Between ( 2481865 2 1240933 1.150609 0.335604  3.4668
Within Gr( 22648510 21 1078500
Total 25130375 23
10. Anova for Mn in AAC Stronghold
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Column1 8 39708.07 4963.509 329185.4
Column 2 8 47316.19 5914.524 1118072
Column 3 8 54967.34 6870.918 434115.9
ANOVA
‘ce of Varic  SS df MS F P-value F crit
Between ( 14552871 2 7276436 11.60286 0.000403  3.4668
Within Gr( 13169612 21 627124.4
Total 27722484 23
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11. Anova for Fe in AAC Stronghold

Anova: Single Factor

Total 98848915 23

SUMMARY
Groups = Count Sum Average Variance
Column1 8 360 45 600
Column 2 8 3331287 416410.9 33610178
Column 3 8 3000272 375034 37865576
ANOVA
‘ce of Varic ~ SS df MS F P-value F crit
Between ( 8.42E+11 2 4.21E+11 17666.78 1.33E-34  3.4668
Within Gr 5E+08 21 23825451
Total 8.42E+11 23
12. Anova for Zn in AAC Stronghold
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance
Column1 8 109993.2 13749.15 3898245
Column 2 8 126078.6 15759.83 1801468
Column 3 8 101645.4 12705.67 2913165
ANOVA
‘ce of Varic  SS df MS F P-value F crit
Between ( 38558767 2 19279383 6.71531 0.005564  3.4668
Within Gr( 60290148 21 2870959

178



